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Rab10 GTPase regulates ER dynamics and morphology 
 
Thesis directed by Assistant Professor Gia K. Voeltz 
Abstract  
I have identified Rab10 as an ER specific Rab GTPase that regulates ER structure and 
dynamics.  I show that Rab10 localizes to the ER and to dynamic ER-associated 
structures that track along microtubules and mark the position of new ER tubule growth.  
Rab10 depletion or expression of a Rab10 GDP-locked mutant alters ER morphology, 
resulting in a decrease in ER tubules.  I demonstrate that this defect is due to a reduced 
ability of dynamic ER tubules to grow out and successfully fuse with adjacent ER.  
Consistent with this function, Rab10 partitions to dynamic ER-associated domains found 
at the leading edge of almost half of all ER tubule dynamics.  Interestingly, this Rab10 
domain is highly enriched with at least two ER enzymes that regulate phospholipid 
synthesis, PI Synthase and CEPT1.  Both the formation and function of this 
Rab10/PIS/CEPT1 dynamic domain is inhibited by expression of the GDP-locked 
Rab10 mutant.  Together, these data demonstrate that Rab10 regulates ER dynamics 
and further suggest that these dynamics are potentially coupled to phospholipid 
synthesis. 
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Chapter 1. Introduction 
Specific Goals for this Thesis 
"To do successful research, you don’t need to know everything; you just need to know 
one thing that isn’t known." 
-Arthur Schawlow (1921-1999), Nobel Laureate  
 The goal of this thesis was to identify and characterize the fusion machinery 
required for ER assembly and maintenance.  I first began this project as a rotation 
student, at that time the only thing we knew about ER fusion was what we learned from 
a well characterized, but limited, in vitro ER assembly assay made from fractionated 
unfertilized Xenopus laevis eggs.  One of the long-standing questions of ER dynamics is 
how does the ER grow and make new contacts?  As I will discuss in this chapter, earlier 
work had established the requirement of GTP-hydrolysis for ER fusion and the 
involvement of a Rab GTPase, but the identification of any proteins involved remained a 
mystery.  Using this small amount of information, I set out to identify all of the GTP-
binding proteins present in our in vitro ER assembly assay.  Once I isolated and 
identified a sizeable pool of GTP candidates from our in vitro ER assembly assay, I 
systematically characterized those proteins by expressing fluorescently labeled 
constructs in mammalian tissue culture cells.  Surprisingly, of all the candidates tested, 
only Rab10 localized to the ER.  Further testing of Rab10 revealed the requirement of 
functional Rab10 for the proper morphology and dynamics of the ER (Chapter 2).   
One of the most important things I have learned during my graduate career is to 
never ignore an unusual result.  Live cell imaging of fluorescently labeled Rab10 
showed an unusual Rab10 domain at the tips of dynamic ER; further study of this 
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domain revealed the presence of Rab10 at the site of ER growth and the requirement of 
GTP-bound Rab10 to allow for the formation of ER networks.  Interestingly, I localized 
known lipid synthesizing proteins to this Rab10 dynamic domain, introducing the 
intriguing possibility that this dynamic domain provides the necessary lipid membranes 
to facilitate the formation of ER networks through proper Rab10 function (Chapter 3).  
Through the work presented here, I have identified and characterized a novel 
mechanism for ER assembly involving a member of the Rab family of GTPases, Rab10. 
ER Structure and Formation 
The endoplasmic reticulum (ER) is a large, continuous membrane bound 
organelle comprised of functionally and structurally distinct domains, including the 
nuclear envelope, peripheral tubular ER, peripheral cisternae, and numerous membrane 
contact sites at the plasma membrane, mitochondria, Golgi, endosomes and 
peroxisomes.  These domains are required for multiple cellular processes, including 
synthesis of proteins and lipids, calcium level regulation, and exchange of 
macromolecules with various organelles at ER-membrane contact sites.  The structure 
of the ER is complex because of the numerous distinct domains that exist within one 
continuous membrane bilayer.  These domains are shaped by interactions with the 
cytoskeleton, by proteins that stabilize membrane shape, and by a homotypic fusion 
machinery that allows the ER membrane to maintain its continuity and identity.  The ER 
also contains domains that contact the plasma membrane (PM) and other organelles, 
including the Golgi, endosomes, mitochondria, lipid droplets and peroxisomes.  ER 
contact sites with other organelles and the PM are both abundant and dispersed 
throughout the cytoplasm, suggesting that they too could influence the overall 
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architecture of the ER.  As I discuss here, ER shape and distribution are regulated by 
many intrinsic and extrinsic forces. 
Domains of the ER are Stabilized by Membrane-Shaping Proteins 
The Endoplasmic Reticulum (ER) is a large membrane bound compartment 
spread throughout the cytoplasm of eukaryotic cells.  It is divided into three major 
morphologies that include the nuclear envelope (NE), peripheral ER cisternae and an 
interconnected tubular network (Figure 1.1A, 1.1B).  The ER is composed of one 
completely continuous membrane bilayer and has a single continuous lumen; the ability 
of the ER to have differently shaped domains requires some membrane proteins to 
segregate and form these domains through their assembly.  The NE is the most visually 
obvious domain made from ER membrane.  It surrounds the nucleus as a double 
membrane bilayer and acts as a barrier to selectively control transport of molecules into 
and out of the nucleus (Figure 1.1A, 1.1B).  The inner and outer nuclear membranes 
(INM and ONM) are large flat cisternal membranes stacked over each other, separated 
by the inter nuclear membrane space (INS) (Hetzer, 2010).  The INM is flattened around 
the nuclear contents by forming contacts with binding sites on chromatin and nuclear 
lamins, when present (Figure 1.1A) (Anderson and Hetzer, 2007; Zheng and Tsai, 
2006).  The flat cisternae of the ONM and INM are separated by the distance of the INS 
(about 50 nm), which is held constant by the LINC complex (Figure 1.1A) (Sosa et al., 
2012; Tzur et al., 2006).  The membrane bilayers of the INM and ONM cisternae are 
continuous with each other at nuclear pores (NPs), providing a conduit for membrane 
proteins to diffuse between the nuclear and cytoplasmic compartments (Figure 1.1A) 
(Suntharalingam and Wente, 2003).  
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  The peripheral ER branches out from the ONM as an interconnected network 
comprised of cisternae and tubules (Figure 1.1B).  ER cisternae tend to be localized 
closer to the NE while tubules predominate in the periphery (Figure 1.1B) (Puhka et al., 
2007; Terasaki et al., 1986).  The morphology of the tubular peripheral ER in many 
organisms, including animals, yeast, and plants, has been shown to be regulated by the 
Reticulon (Rtn) family of integral membrane proteins and DP1/Yop1 (Anderson and 
Hetzer, 2008a; Audhya et al., 2007; De Craene et al., 2006; Tolley et al., 2008; Voeltz et 
al., 2006; West et al., 2011).  Depletion of Rtn and DP1/Yop1 results in a large 
reduction in ER tubules; however, recent evidence suggests that Rtn and DP1/Yop1 
proteins regulate the structure of multiple ER domains that contain high membrane 
curvature.  In fact, Rtns are not only specifically localized to tubular ER domains but 
also to the edges of cisternae and fenestra found within cisternae (Figure 1.1A) 
(Kiseleva et al., 2007; Schuck et al., 2009; Shibata et al., 2010).  Consistent with this 
localization, yeast cells in which Rtn/Yop1 have been deleted lack tubules but also 
contain expansive cisternae that are no longer fenestrated (West et al., 2011).   
Rtns and DP1/Yop1 are thought to stabilize the tubular network and other 
regions of high membrane curvature through their unique topology and by forming 
higher-order oligomers (Shibata et al., 2008; Voeltz et al., 2006).  Rtns and DP1 each 
have two long transmembrane domains (TMDs) with N- and C- terminal domains, as 
well as the soluble domain between the TMDs, facing the cytoplasm (Figure 1.1A) 
(Voeltz et al., 2006).  These TMDs are not quite long enough to make a double pass 
hairpin, and are too long to span the membrane once; indicating the intriguing possibility 
that the TMDs of Rtns and DP1 form a wedge to increase the area of the outer leaflet 
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compared to the inner leaflet, resulting in high membrane curvature (Figure 1.1A).  To 
test this concept, the TMDs of Rtn were lengthened to make a double pass hairpin in 
the membrane bilayer, resulting in the loss of Rtn-induced membrane tubules (Zurek et 
al., 2011).  FRAP assays have shown that Rtns and DP1 organize into oligomers to 
establish high membrane curvature (Shibata et al., 2008).  Purified Rtn or DP1/Yop1 is 
capable of deforming reconstituted proteoliposomes into tubules resembling the 
dimensions of ER tubules found in vivo, indicating that these proteins are sufficient to  
shape membranes (Hu et al., 2008).  A structure of the Rtn or DP1/Yop1 proteins in 
membranes has not been determined; however, the most appealing organization model 
posits that they would form a scaffold of C-shaped oligomers to stabilize the curvature 
found on tubules and at the edges of cisternae, and to accommodate passage of other 
ER proteins past the oligomer (Figure 1.1A) (Shibata et al., 2010). 
Much less is known regarding how peripheral ER cisternae are shaped.  
Although it is clear that ER cisternae can be propagated by the depletion of Rtns and 
DP1/Yop1  (Anderson and Hetzer, 2008a; De Craene et al., 2006; Shibata et al., 2010; 
Voeltz et al., 2006; West et al., 2011), there are other factors whose overexpression can 
similarly generate and stabilize cisternal ER shape.  Some of these are large protein 
complexes, in particular polyribosomes associated with translocation complexes, 
thought to help stabilize the flat membrane regions of the cisternae (Figure 1.1A) 
(Puhka et al., 2007; Shibata et al., 2010; Shibata et al., 2006).  In support of this theory, 
addition of drugs that dislocate polyribosomes from ER membranes causes a reduction 
in the amount of cisternal peripheral ER (Puhka et al., 2007).  Conversely, the amount 
of cisternal peripheral ER increases when an integral ER membrane protein that binds 
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ribosomes, p180, is overexpressed (Benyamini et al., 2009; Shibata et al., 2010).  
Climp63 is another integral ER membrane protein that plays a role in regulating the 
shape of ER cisternae (Figure 1.1A) (Shibata et al., 2010).  Endogenous Climp63 
preferentially localizes to ER cisternae relative to tubules, and like reticulons, it is also 
excluded from the NE (Shibata et al., 2010; Vedrenne and Hauri, 2006).  Climp63 
overexpression leads to the propagation of ER cisternae, while its depletion alters 
cisternal intraluminal spacing  (Shibata et al., 2010). Climp63 has a luminal domain that 
homo-oligomerizes, and this could explain how it directly regulates the luminal spacing 
of cisternae in a manner analogous to the LINC complex at the NE (Tzur et al., 2006).  
Climp63 also has a cytoplasmic domain that binds to MTs; however, it is unclear how 
MT binding would organize the shape of ER cisternae.   
The purpose of differently shaped ER domains remains a subject of debate.  
Historically, ER cisternae have been classified as ribosome-bound, “rough” ER; by 
default, ER tubules are considered ribosome-free, “smooth” ER.  Cisternae do have 
higher concentrations of ribosomes than tubules and also have a larger luminal volume 
to surface area than tubules, suggesting that they would be the preferred site for luminal 
processes like protein folding (Puhka et al., 2012; Shibata et al., 2010; West et al., 
2011).  Consistent with this idea, during the ER stress response, yeast peripheral ER 
exhibits increased cisternae to accommodate an increase in protein folding (Schuck et 
al., 2009).  Additionally, ER tubules have lower luminal volume to surface area than 
cisternae, suggesting that ER tubules could be the preferred site for the accumulation of 
integral membrane proteins and for processes connected to lipid synthesis (West et al., 
2011).  Nevertheless, there are many examples of ER tubules that do have bound 
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ribosomes, just at a lower density than cisternae, which demonstrates that they are not 
always ribosome excluded (Puhka et al., 2012; West et al., 2011). 
ER During Mitosis 
 At the onset of mitosis in animal cells, the elaborate domain architecture of the 
NE and peripheral ER degenerate.  During prophase, the INM proteins of the NE that 
tether the INM to chromatin and lamins are phosphorylated (Hetzer, 2010); as a result 
of phosphorylation, lamin B receptor (LBR) dissociates from its nuclear contact sites 
and the nuclear lamin basket disassembles, leading to NE disassembly (Courvalin et 
al., 1992).  NE disassembly does not involve vesiculation of the NE; rather, the 
membranes of the NE enclosure are absorbed into the peripheral ER, with which it is 
continuous (Figure 1.2) (Anderson and Hetzer, 2008b; Ellenberg et al., 1997; Lu et al., 
2009; Yang et al., 1997).  At the end of mitosis, the NE is reformed when the nuclear 
lamins reassemble a basket around the chromatin, LBR is dephosphorylated, and the 
proteins located to the NE reestablish contact with the chromatin and nuclear lamin 
basket (Anderson and Hetzer, 2007).   
Through mitosis, the spatial organization of both the NE and peripheral ER is 
altered in animal cells.  Specifically, the interphase peripheral ER is dispersed 
throughout the cytoplasm, whereas the mitotic ER is located near the PM and away 
from the mitotic spindle (Figure 1.2) (Anderson and Hetzer, 2008b; Hetzer, 2010; Lu et 
al., 2009; Lu et al., 2011; McCullough and Lucocq, 2005; Puhka et al., 2012; Puhka et 
al., 2007; Smyth et al., 2012).  The mechanism and proteins involved in regulating ER 
movement during mitosis are not well understood; however, it was recently shown that 
phosphorylation of STIM1 is required to prevent the ER membrane from associating  
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with the mitotic spindle (Smyth et al., 2012).  STIM1 is an integral membrane protein 
that binds to EB1, a microtubule (MT) plus tip binding protein, that will be further 
discussed in a subsequent section (Grigoriev et al., 2008).  During mitosis, STIM1 is 
phosphorylated, resulting in dissociation from EB1.  Interestingly, expression of a STIM1 
mutant that cannot be phosphorylated causes the mitotic ER to accumulate around the 
mitotic spindle, rather than distributed close to the PM (Smyth et al., 2012).  Thus, 
STIM1 phosphorylation is one mechanism that regulates the position of the ER during 
mitosis.  The factors actively involved in redistributing the ER towards the periphery 
during mitosis are not yet known.  
What remains controversial is whether ER morphology changes from a higher 
degree of membrane curvature in interphase to less membrane curvature in mitosis, or 
vice versa.  Analysis of ER structure in HeLa cells and CHO cells, by live 3-D confocal 
fluorescence microscopy and electron microscopy (EM), reveals an interphase ER 
morphology that is cisternal in the perinuclear region and mostly tubular in the periphery 
towards the PM, and a mitotic morphology that is almost entirely cisternal (Lu et al., 
2009; McCullough and Lucocq, 2005).  In contrast, experiments where ER structure 
was analyzed by transmission EM and EM tomography of either chemically fixed or 
high-pressure frozen cells, reveal an ER structure that is mostly cisternal in interphase 
and more fenestrated and tubular in mitosis (Puhka et al., 2012; Puhka et al., 2007).  
The disparity in conclusions could result from the complexity of ER domains that are 
reorganized as a result of NE breakdown and relocalization of the mitotic ER towards 
the cell periphery.  3-D EM tomography reveals domains that appear cisternal by 
fluorescence microscopy are in fact highly fenestrated and may still contain a high 
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degree of membrane curvature (Puhka et al., 2012).  It is possible that together these 
data show that when the NE and ER are redistributed to the periphery during mitosis, 
the total amount of ER membrane curvature is accommodated through differently 
shaped mitotic ER domains. 
ER Dynamics and Assembly 
Visualization of the peripheral ER by live cell fluorescence microscopy 
demonstrates a constantly changing landscape; the structure of the tubular ER network 
rearranges by tubule growth, retraction and homotypic fusion with adjacent ER 
membranes.  Membrane shaping proteins like Rtns are likely to stabilize and maintain, 
rather than drive ER tubule formation.  In the absence of Rtns and DP1/Yop1, new ER 
tubules are still generated, though poorly maintained (West et al., 2011).  ER tubule 
dynamics are generated through forces exerted by molecular motors as they pull new 
ER tubules out from existing ER domains along the cytoskeleton.  These dynamics are 
dependent on the MT network in animal cells (Figure 1.3A) (Lee and Chen, 1988; 
Waterman-Storer and Salmon, 1998).  ER dynamics on MT tracks occur by two distinct 
methods: the tip attachment complex (TAC) and ER sliding (Figure 1.3B) (Lee and 
Chen, 1988; Waterman-Storer and Salmon, 1998).  TAC dynamics are defined by the 
tip of a dynamic ER tubule linked to the tip of a MT, the ER grows and shrinks 
concurrent with MT dynamics (Waterman-Storer and Salmon, 1998).  TAC movements 
depend on tethering between the ER protein, STIM1, and a MT plus end binding 
protein, EB1 (Figure 1.3B, top panel) (Grigoriev et al., 2008).  The ER sliding 
mechanism accounts for the majority of ER dynamics in the cell and occurs through a 
machinery involving kinesin-1 and dynein MT motors that pull ER tubules along the 
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sides of established MTs (Wozniak et al., 2009).  The movement of growing ER tubules 
sliding along MTs can be visualized nicely by live confocal fluorescence microscopy 
(Figure 1.3B, bottom panel).  The purpose of the constant reorganization of the tubular 
ER network is not known; however, it is reasonable to suggest that ER dynamics could 
be required for the necessary functions of the ER, such as facilitating organelle contact 
for exchange of proteins, lipids and Ca2+ (Baumann and Walz, 2001; English et al., 
2009).  To further understand the nature of ER dynamics, it is important to identify the 
unknown factors involved, including the factors linking ER tubules to the motor proteins 
on MTs during sliding dynamics. 
Unlike other organelles, the entire ER network is completely continuous at all 
times, even though it constantly rearranges its structure (Dayel et al., 1999; Ellenberg et 
al., 1997; Lee and Chen, 1988).  During ER dynamics, the ER forms 3-way junctions by 
sliding along MTs to fuse with adjacent ER regions it contacts, contributing to the overall 
“reticular” appearance of the ER.  The factors that regulate homotypic ER membrane 
fusion must also be ER-specific, this is important because the ER is closely apposed 
and potentially tethered to nearly every membrane-bound compartment in the cell.  
Homotypic ER fusion is regulated by the Atlastin family of dynamin-like GTPases 
(Anwar et al., 2012; Hu et al., 2009; Orso et al., 2009; Rismanchi et al., 2008).  Atlastin 
family members localize to the tubular ER and accumulate in a striking pattern at 3-way 
junctions (Figure 1.3C) (Chen et al., 2012a; Hu et al., 2009; Orso et al., 2009; Park et 
al., 2010b; Rismanchi et al., 2008).  Atlastin and its yeast homolog Sey1 do not localize 
to the NE or to peripheral ER cisternae, suggesting that these proteins belong to a 
group of proteins that partition to regions of high membrane curvature (Hu et al., 2009; 
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Orso et al., 2009; Park et al., 2010b; Rismanchi et al., 2008).  Depletion of endogenous 
Homo sapiens atl2 and atl3 by siRNA or over-expression of atlastin mutants in HeLa 
cells results in the formation of long, unbranched ER tubules, presumably due to the 
loss of 3-way junctions (Hu et al., 2009).  In contrast, over-expression of wild type 
atlastin in drosophila motor neurons leads to hyper fusion of ER membranes (Orso et 
al., 2009) and an expansion of ER cisternae in mammalian tissue culture cells (Hu et 
al., 2009).  Proteoliposomes reconstituted with purified atlastin undergo membrane 
fusion in a GTP-dependent manner, providing evidence that atlastins directly regulate 
ER fusion (Orso et al., 2009).  Atlastin clearly plays an important role in regulating ER 
fusion; however, atlastin/Sey1 depletion does not cause the ER membrane to fragment 
in yeast or mammalian cells, suggesting that there are likely to be additional 
machineries involved.  It is also not known if the atlastins/Sey1 provide a direct link 
between the fusion machinery and dynamics that occur on the cytoskeleton.  
Recently, the highly conserved Lunapark (Lnp) family of proteins was 
demonstrated to also localize at 3-way junctions within the tubular ER network (Chen et 
al., 2012a).  Deletion of Lnp1 from yeast cells results in a collapsed, but highly 
reticulated ER network (Chen et al., 2012a).  Deletion of Sey1 can suppress the ER 
morphology defects of the lnp1Δ mutant (Chen et al., 2012a).  Thus, Lnp1 appears to 
act in an antagonistic manner with Sey1 to regulate ER network formation; however, 
these proteins may also function synergistically to some extent because they are each 
required for the other’s ability to localize to 3-way junctions (Chen et al., 2012a).  
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ER-Organelle Membrane Contacts 
 The ER network extends throughout the entire cytoplasm and the dynamic nature 
of the ER ensures that it probes areas where it has not yet spread.  During dynamics, 
the ER not only forms new contacts with itself but must also forge new contacts with 
organelles in the cytoplasm.  The ER has been shown to be closely apposed to almost 
all membrane bound organelles, including the PM, mitochondria, lipid droplets, Golgi, 
endosomes, and peroxisomes (Figure 1.4) (Friedman and Voeltz, 2011; Toulmay and 
Prinz, 2011).  Here I discuss numerous studies that have determined these interactions 
to be functionally important and suggest the purpose of the ER’s wide distribution 
(Lebiedzinska et al., 2009; Toulmay and Prinz, 2011). 
ER and Plasma Membrane 
 The extensive network of the ER has multiple positions where it is closely 
apposed to the PM (Pichler et al., 2001; West et al., 2011).  Previous studies have 
identified the PM-associated ER as sites of phosphatidylinositol (PI) metabolism, non-
vesicular transfer of sterols, and Ca2+ level regulation (Baumann et al., 2005; Carrasco 
and Meyer, 2011; Li and Prinz, 2004; Stefan et al., 2011).  EM analysis has revealed 
that 20-45% of the cytoplasmic surface of the PM in budding yeast is within tethering 
distance of the ER and ribosome excluded (West et al., 2011).  Extensive contact 
between the ER and the PM may also occur in animal cells, although the extent of 
contact has not been characterized by EM tomography, except under conditions that 
activate store-operated Ca2+ release and during mitosis (McCullough and Lucocq, 2005; 
Orci et al., 2009). 
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The oxysterol-binding homology (Osh) protein family and the integral ER VAP proteins 
regulate PI metabolism at ER-PM contact sites.  Regulation of the essential lipid-
signaling molecule Phosphatidylinositol 4-phosphate (PI4P) are controlled by Osh and 
VAP mediated activation of Sac1 phophatase (Roy and Levine, 2004; Stefan et al., 
2011).  Deletion of Osh proteins in yeast cells results in a 6- to 7-fold increase in PI4P 
levels; furthermore, addition of recombinant Osh3 to a microsome fraction depleted of 
peripherally bound proteins (including endogenous Osh proteins) was able to stimulate 
Sac1 phosphatase activity, suggesting that Osh proteins control PI4P levels at ER-PM 
contact sites (Stefan et al., 2011).   
Numerous studies also implicate Osh proteins in non-vesicular sterol 
transportation (de Saint-Jean et al., 2011; Jansen et al., 2011; Raychaudhuri et al., 
2006).  By measuring the amount of free sterols converted to steryl esters 
(esterification), Raychaudhuri, et al. demonstrated a seven-fold decrease in total sterol 
transport from the PM to the ER in temperature sensitive mutant yeast strains missing 
all seven Osh proteins.  A similar decrease in PM-ER cholesterol transport was 
observed when the human Osh homologs, ORP1 and ORP2, were depleted in HeLa 
tissue culture cells by siRNA (Jansen et al., 2011).  Structural studies have determined 
that Osh4 acts as a sterol and phosphoinositol phosphate exchanger by selectively 
binding both PI4P and sterols to transport to the PM and ER, respectively (de Saint-
Jean et al., 2011).  Currently, debate surrounds the function of Osh proteins in sterol 
transport between the PM and ER.  Recent work suggests that Osh proteins regulate 
sterol organization at the PM and have little effect on non-vesicular transport of sterols 
between the PM and ER (Georgiev et al., 2011).  These studies demonstrated that 
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transportation of a fluorescent sterol from the PM to ER was not inhibited in a yeast 
mutant lacking functional copies of all seven Osh proteins, contrary to previous data 
(Georgiev et al., 2011).  It will be interesting to watch this exciting field surrounding non-
vesicular transport of sterols between the PM and ER as it develops.  
In animal cells, the junction between the ER and the PM has also been shown to 
be important for regulating proper Ca2+ levels (Carrasco and Meyer, 2011).  During 
times of depleted Ca2+ in the ER, Ca2+ is transported from the PM, using the process of 
store-operated Ca2+ entry (SOCE).  At ER-PM junctions, STIM1 and STIM2 act as 
resident Ca2+ sensors and interact with the calcium channel protein Orai1 to form a 
Ca2+-released-activated-Ca2+ influx (CRAC) channel to facilitate the entry of Ca2+ into 
the ER (Feske et al., 2006; Liou et al., 2005; Park et al., 2010a; Roos et al., 2005).  As 
mentioned previously, STIM1 is important for tethering the ER to MTs during TAC-
regulated ER dynamics; however, inhibition of TAC movements does not affect SOCE 
(Grigoriev et al., 2008).  It is currently unclear if STIM1’s roles in SOCE and TAC 
movements are related.  
ER and Mitochondria 
 Contact sites between the ER and mitochondria are a highly conserved feature of 
eukaryotic cells and have been associated with several important functions including 
Ca2+ signaling, lipid biosynthesis, organelle inheritance, and mitochondrial division 
(Boldogh and Pon, 2007; Friedman et al., 2011; Rizzuto et al., 1998; Vance, 1990).  EM 
tomography has demonstrated that the two apposing membranes come within 30 nm of 
each other (Csordas et al., 2006; West et al., 2011); in some striking examples of ER-
mitochondria contacts, electron dense structures can be seen by EM that resemble 
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proteinaceous tethers (Csordas et al., 2006; Hayashi et al., 2009).  Contact between 
these two organelles can also be visualized by live confocal fluorescence microscopy, 
time-lapsed images reveal contact sites that are so securely tethered that the two 
organelles remain attached even as they move along the cytoskeleton (Friedman et al., 
2010).  
The influx of Ca2+ into the intermembrane space and matrix of the mitochondria 
has been observed at ER contact sites (Csordas et al., 2006; Rizzuto et al., 1993; 
Rizzuto et al., 1998).  Calcium uptake into mitochondria requires IP3 receptor (IP3R) 
interaction with the voltage-dependent anion selective channel protein 1 (VDAC-1) on 
the OMM (Hayashi et al., 2009; Rizzuto et al., 1998; Szabadkai et al., 2006).  Both 
deletion of IP3R or ligand induced inhibition of IP3R blocks activities associated with 
mitochondrial Ca2+ influx (Jayaraman and Marks, 1997; Khan et al., 1996; Rizzuto et al., 
1993; Rizzuto et al., 1998).  Elegant experiments have shown that Ca2+ signaling from 
the ER to the mitochondria was prevented by altering the spacing between the ER and 
mitochondria by artificially tethering the two membranes too closely (Csordas et al., 
2006; Csordas et al., 2010).  The close spacing was designed so that it would prevent 
the large IP3R channel from being able to fit between the ER and mitochondria 
(Csordas et al., 2006; Csordas et al., 2010).  These experiments suggest a model 
whereby the ER channel would need to release Ca2+ directly to the mitochondrial 
membrane rather than from nearby.  There are several functions associated with 
localized positions of Ca2+ exchange on the mitochondria; changes in Ca2+ levels has 
been shown to  affect apoptosis, mitochondrial division and motility, and to regulate the 
activity of Ca2+ binding proteins on the mitochondria that can only bind Ca2+ at high local 
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concentrations (Berridge, 2002; Rizzuto et al., 1993; Rizzuto et al., 1998; Scorrano et 
al., 2003).  
Contact sites between the ER and mitochondria are also likely to be required for 
lipid flipping between the apposed membranes during lipid biosynthesis (Achleitner et 
al., 1999; Holthuis and Levine, 2005; Kornmann et al., 2009; van Meer et al., 2008; 
Vance, 1990; Voelker, 2000).  Resident proteins of both the ER and the mitochondria 
are required for the biosynthesis of one of the cells most abundant phospholipids, 
phosphatidylcholine (PC).  During this process, phosphatidylserine (PS) is first 
synthesized from phosphatidylalanine on the ER membrane; PS conversion to 
phosphatidylethanolamine (PE) requires proteins on the mitochondria, while PE 
conversion to PC requires ER localized enzymes (Osman et al., 2011; van Meer et al., 
2008).  Therefore, before each of these conversion steps, the phospholipid must be 
moved back and forth between the apposing membranes.  At the same time, the steady 
state levels of each of these phospholipids are likely to be maintained for each 
organelle.  Many enzymes involved in lipid biosynthesis are found to be biochemically 
enriched in the membrane fraction that constitutes mitochondrial associated 
membranes (MAM) (Stone and Vance, 2000; Vance, 1990; Voelker, 2000); however, 
the factors involved in transferring of phospholipids between the ER and mitochondrial 
membranes during conversion are not known. 
 Recently, ER tubules were also demonstrated to mark the position of 
mitochondrial division in yeast and mammalian cells (Friedman et al., 2011).  Using 
high-resolution EM tomography and live-confocal fluorescence microscopy, ER tubules 
were shown to define the position of division machinery recruitment by wrapping around 
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the mitochondria prior to division in both yeast and mammalian cells.  ER tubule contact 
was observed at positions where mitochondria were constricted, even when the 
mitochondrial division machinery was depleted (Friedman et al., 2011).  These data 
suggest that ER tubule contact may play an early role in constricting the mitochondria to 
allow division machinery recruitment.  It is currently unknown if the ER provides a 
structural role in mitochondrial constriction and division, or if the ER provides a scaffold 
upon which other required factors are recruited.  It also remains to be determined how 
the mitochondria fusion and fission machinery interact with one another at sites of ER-
mitochondria contacts.  Regardless, this work demonstrates a new and unexpected role 
for ER tubules during mitochondrial biogenesis. 
There are many functions that occur at ER-mitochondria contact sites; therefore, 
it is possible and reasonable to expect multiple tethers.  Alternatively, a single tethering 
complex could allow all processes to be synergized at the same position.  Recently, the 
ER-mitochondria encounter structures (ERMES) complex was identified in yeast as a 
tether between the two organelles.  In yeast cells, ERMES is comprised of MMM1, 
MDM10, MDM12 and MDM34.  The components of the ERMES complex consists of 
membrane proteins that localize to both the ER (Mmm1) and mitochondrial membrane 
(Mdm10 and Mdm34) (Kornmann et al., 2009).  Furthermore, mutation of ERMES 
components can be rescued when co-expressed with a synthetic ER-mitochondrial 
linker complex (Kornmann et al., 2009).  Thus, ERMES makes a compelling tether 
candidate for ER-mitochondrial contacts.  It is not known if there are other tethers in 
yeast besides ERMES; mammalian homologs of the ERMES complex have not been 
identified, giving further indication that there are other tethers.  In mammalian cells, 
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Mitofusin2 (MFN2) has been proposed to tether the ER to the mitochondria (de Brito 
and Scorrano, 2008).  ER-localized MFN2 is thought to homo- or hetero-complex with 
MFN2 or MFN1 on the outer mitochondrial membrane and act as an ER-mitochondria 
tether (de Brito and Scorrano, 2008).  Depletion of MFN2 in vivo decreased the amount 
of ER-mitochondria contact, this effect was rescued by expression of an ER localized 
MFN2 protein (de Brito and Scorrano, 2008); however, a role for MFN2 in mitochondrial 
tethering to the ER in yeast has not been demonstrated.  In addition, MFN2 does not 
appear to be required for contact between ER tubules and mitochondria at 
constriction/fission sites (Friedman et al., 2011).  Together, these data suggest that 
there could be multiple complexes involved in tethering between these organelles and 
that contact site formation may be highly regulated during different ER-mitochondria 
functions. 
ER and Golgi  
 The Golgi forms membrane contacts with the ER to regulate the transfer of 
secreted proteins and lipids (Glick and Nakano, 2009).  Trafficking between the ER and 
Golgi involves anterograde (COPII mediated), retrograde (COPI mediated) and direct, 
non-vesicular transport between the apposed membranes (Barlowe et al., 1994; 
Hanada, 2010; Ladinsky et al., 1999; Malhotra et al., 1989).  High resolution EM has 
demonstrated the close relationship between the ER and Golgi at membrane contact 
sites thought to facilitate non-vesicular lipid transport (Ladinsky et al., 1999; Mogelsvang 
et al., 2004).  Depletion of integral ER membrane proteins VAP-A and VAP-B, resulted 
in mislocalization of Golgi lipid sensing and transport proteins (Nir2, OSBP and CERT), 
and altered Golgi structure; furthermore, Nir2 was shown to directly transfer PI from the 
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ER to the Golgi (Peretti et al., 2008).  Additional work demonstrates the role of ceramide 
transport protein (CERT) in the non-vesicular transport of ceramide (a sphingomyelin 
precursor) from the ER to the trans-Golgi (Hanada, 2010).  Mutations in the FFAT motif 
of CERT were shown to disrupt CERT-mediated transport of ceramide from the ER to 
the Golgi (Kawano et al., 2006).  Non-vesicular ceramide transport at ER-Golgi contact 
sites regulated by CERT is thought to be facilitated by a conformational change in the 
START domain of CERT (Hanada, 2010).  Thus, these results demonstrate a direct 
connection between the ER and Golgi at membrane contacts.  The proteins regulating 
tethering between the ER and Golgi membranes at contact sites have not yet been 
identified. 
ER and Endosomes  
 A growing collection of evidence revolves around the characterization of ER-
endosome contacts and the function of these contacts in lipid and sterol exchange.  In 
the first reported example of ER-organelle membrane contact sites, the nucleus-vacuole 
junction in yeast cells was identified; these membrane contact sites are mediated by the 
direct interaction between the ER membrane protein Nvj1 and the vacuole protein Vac8 
(Pan et al., 2000).  The nucleus-vacuole junction is not present in mammalian cells, but 
other endosome compartments have been observed interacting with the ER; high-
resolution immuno-EM studies demonstrated the co-localization of the ER localized 
phophatase PTP1B with the endocytic cargo EGFR (Eden et al., 2010).  Additionally, 
sustained contact can be observed by live confocal fluorescence microscopy between 
Rab5-labelled early endosomes and the ER in mammalian cell culture (Friedman et al., 
2010).  One proposed function of ER-endosomes contacts may be to monitor and 
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regulate cholesterol levels in the endocytic pathway (Rocha et al., 2009).  Cholesterol 
levels effect the direction of late endosome (LE) trafficking; under cholesterol-rich 
conditions, LEs accumulate at the MTOC after dissociation from the dynein complex 
(Rocha et al., 2009).  The dissociation from the dynein complex is thought to be 
regulated by the cholesterol sensor oxysterol-binding protein-related protein 1L 
(ORP1L), mutants in this protein can alter the response to cholesterol levels and 
association with dynein (Rocha et al., 2009).  Recently, the integral ER protein VAP-A 
was shown to play a role in regulating trafficking of LEs in response to cholesterol levels 
(Rocha et al., 2009).  VAP-A depletion alters the ability of LEs to traffic away from the 
MTOC (Rocha et al., 2009).  Thin section EM under control conditions showed some 
interaction between LEs and the ER; this interaction can be increased or decreased by 
decreasing or increasing cholesterol levels, respectively (Rocha et al., 2009).  The 
proteins regulating tethering between the ER and different endosomal membrane 
compartments are currently unknown. 
ER and Peroxisomes 
 The peroxisome is a unique organelle that receives much of its starting material, 
including lipids and peroxisomal membrane proteins, from the ER for de novo 
biogenesis (Kim et al., 2006; Lam et al., 2010).  Past results demonstrate that both 
vesicular and non-vesicular transport of lipids and proteins from the ER are required for 
proper peroxisomal formation and maintenance (Agrawal et al., 2011; Lam et al., 2010; 
Raychaudhuri and Prinz, 2008; van der Zand et al., 2012).  In vitro ER-peroxisome lipid 
transfer assays also demonstrate non-vesicular transport between the membrane 
compartments; however, the proteins mediating this process remain to be identified 
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(Raychaudhuri and Prinz, 2008).  Recent live cell image analysis and in vitro cell-free 
ER budding assays identified a distinct pool of vesicles rich in peroxisomal membrane 
proteins budding from the ER at peroxisomal ER exit sites, these vesicles then 
underwent heterotypic fusion with other ER-derived peroxisomal membrane protein 
vesicles to form a new peroxisome compartment (Agrawal et al., 2011; van der Zand et 
al., 2012).  The ER-derived peroxisome remains a striking example of the ER’s ability to 
generate an organelle distinct from itself in both morphology and function. 
Lipid Composition and Synthesis at the ER 
Cellular membranes are composed of lipids and proteins that form selective 
barriers to control the distribution of macromolecules and signaling elements.  Lipids are 
required not only for cellular membrane formation, but also for energy storage and 
signal transduction (van Meer et al., 2008).  Glycerophospholipids, which are 
responsible for structuring cellular membranes, contain a hydrophobic diacylglycerol 
backbone and a specific polar head group that defines the lipid as phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) or phosphatidylserine 
(PS).  The specific composition of these lipids plays an integral role in defining organelle 
identity, for example, in mammalian cells the ER is comprised of approximately 50% 
PC, 30% PE, 15% PI and 5% PS; in contrast, the plasma membrane is approximately 
40% PC, 20% PE, 5% PI, 10% PS and 25% sphingomyelin (van Meer et al., 2008).  Not 
only does the overall lipid composition determine organelle identity, but lipid asymmetry 
within the lipid membrane can also regulate organelle shape.  Asymmetric distribution of 
lipids between lipid bilayers can result in transient membrane deformation; for example, 
when lipids with large polar head groups, like PE, are enriched in one area of the 
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membrane bilayer the affected membrane is then bent as a consequence (Voeltz and 
Prinz, 2007).  
The ER is the central site for lipid synthesis; specifically cholesterols and 
glycerolphospholipids are synthesized in the ER.  ER specific subdomains, in particular 
mitochondrial-associated membranes and plasma membrane-associated membranes, 
are common sites of lipid synthesis and are enriched in lipid synthesizing proteins (van 
Meer et al., 2008).  The ER is also responsible for transporting newly synthesized lipids 
and lipid precursors to other organelles for proper modification.  Lipid transport from the 
ER uses distinct modes of transportation, including lipid flipping across the ER 
membrane, lateral diffusion, transport vesicles, lipid transfer proteins and ER-membrane 
contact sites (van Meer et al., 2008).  In the case of PI synthesis, Phosphatidylinositol 
Synthase (PIS) catalyzes the formation of PI from inositol and diacylglycerol at the ER.  
PI is then transported to different organelles including the plasma membrane, Golgi, 
early endosome or late endosome, where it is modified into various phosphoinositides 
(Di Paolo and De Camilli, 2006).  The produced phosphoinositides are then utilized in 
various signaling cascades.  
Conclusions 
Thorough investigation of the ER, its structure and contacts with other organelles 
has illuminated many of the factors and forces involved in regulation of the ER and its 
numerous processes.  High-resolution fluorescence microscopy, 3D EM tomographs 
and numerous biochemical assays have revealed ER structures, membrane contacts 
and functions that were previously unknown and uncharacterized.  Much work has 
surrounded understanding how the distinct domains of the ER are formed and 
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regulated; the culmination of quality work has identified numerous proteins and protein 
complexes as being responsible.  Dramatic ER shape changes during mitosis have 
been observed, but the proteins or processes involved are currently unknown.  Although 
we know that the ER is extremely dynamic on the MT cytoskeleton and contacts 
numerous organelles, only a handful of regulating proteins have been identified and 
even fewer mechanisms are currently known.  Future work addressing these questions 
will further our understanding of the ER and its capabilities.   
Membrane Fusion Facilitated by Rab GTPases 
The Rab (Ras-related proteins in brain) family of GTPases was first identified as 
regulators of membrane trafficking when a mutation in the yeast Rab protein Sec4 
resulted in an accumulation of secretory vesicles at the plasma membrane (Salminen 
and Novick, 1987).  Since the discovery of Sec4 in 1987, Rab proteins have been 
identified in all eukaryotic systems and localized to all compartments of the 
endomembrane system.  The Rab family of GTPases constitutes the largest family of 
small GTPases, with more than 60 members in humans.  Rab proteins are important 
mediators of numerous fusion events, including endosomal vesicle formation and 
trafficking (Ali et al., 2004; Buvelot Frei et al., 2006; Markgraf et al., 2007).  The basic 
domains of Rabs include conserved domains for GTP-binding and Rab GDP 
Dissociation Inhibitor (Rab GDI) recognition, and unique domains that regulate cellular 
localization and effector binding (Pfeffer, 2005; Schwartz et al., 2007; Wu et al., 2007).  
The Rab Cycle 
Rab proteins function as molecular switches to facilitate membrane fusion by 
altering between a GTP-bound “on” confirmation and a GDP-bound “off” confirmation 
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(Figure 1.5) (Stenmark, 2009).  After cytosolic synthesis, the Rab protein is doubly 
prenylated at each of two C-terminal cysteines by a geranylgeranyl transferase (Alory 
and Balch, 2000).  Rab GDI then binds the prenylated Rab in the cytosol and delivers 
the Rab GTPase to the membrane, where the GDI Displacement Factor (GDF) releases 
the Rab GTPase from Rab GDI.  The correct targeting of Rab proteins is facilitated by 
the GDF, with different GDFs localized to specific membranes.  GDFs recognize 
specific Rab-GDI complexes and promote GDI release, allowing the Rab protein to 
insert into the correct membrane through its prenyl groups (Sivars et al., 2003).  A Rab-
specific Guanine Nucleotide Exchange Factor (GEF) then activates the Rab protein by 
exchanging GDP for GTP, resulting in a conformational change.  The Rab in its GTP-
bound conformation then binds to its specific effectors, including various coat 
components, motor proteins, tethers, SNAREs and other necessary fusion proteins; 
these effector proteins can be found at the fusion membrane or in the cytosol (Schwartz 
et al., 2007; Wu et al., 2007).  Membrane-bound Rab GTPases can undergo multiple 
rounds of GTP hydrolysis aided by the Rab’s intrinsic GTPase activity and by GTPase-
activating proteins (GAPs).  Rab membrane fusion is concluded when Rab GDI 
removes the GDP-bound Rab protein from the fusion membrane and returns the Rab to 
its membrane of origin (Wu et al., 2007).  Many Rabs use the same GDF, GEF and 
GAP; however, Rab specificity is determined by the precise combination of these 
factors, membrane localization and effector binding. 
Rab GTPases Confer Membrane Identity 
The eukaryotic cell is comprised of numerous membrane bound organelles 
responsible for various cellular functions.  These cellular organelles are defined by their 
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specific lipid composition and resident proteins that facilitate specific cellular functions.  
Different membrane compartments contain precise Rab proteins on their cytosolic 
surfaces; the resident Rabs not only facilitate membrane fusion reactions, but also 
collect organelle-specific integral and peripheral membrane proteins (Zerial and 
McBride, 2001).  For example, Rab5 organizes a specific early endosome subdomain 
responsible for endosome fusion by recruiting early endosome proteins such as EEA1, 
PI3P kinase, rabaptin-5 and rabenosyn-5 (Zerial and McBride, 2001).  A similar 
mechanism is observed for Rab1-mediated fusion of transport vesicles leaving the ER 
and fusing with the Golgi (Moyer et al., 2001).  Based on these data, the precise 
combination of Rab proteins and effector proteins determine the functional identity of 
numerous membrane compartments and guide fusion between donor and acceptor 
compartments (Behnia and Munro, 2005; Murray et al., 2002; Pfeffer, 2001).   
Rab GTPases and ER Assembly 
Membrane fusion is a process essential for proper organelle biogenesis, 
secretion and vesicle trafficking (Lowe and Barr, 2007; Zimmerberg and Kozlov, 2006).  
All membrane fusion reactions require lipid membranes, energy and fusion factors.  In 
vitro ER formation assays suggest ER network assembly requires ER membranes, 
GTP, and a Rab GTPase-mediated fusion machinery (Audhya et al., 2007; Baumann 
and Walz, 2001; Farsad and De Camilli, 2003; Lowe and Barr, 2007; Turner et al., 
1997).  Previous studies illustrate that the addition of recombinant Rab GDI reduces the 
efficiency of ER network formation in vitro, presumably by disrupting the membrane 
association of all Rab proteins (Figure 1.5) (Audhya et al., 2007; Turner et al., 1997).  
Historically, no Rab protein has been identified that localizes specifically to the ER and 
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affects ER fusion, morphology or dynamics; however, a Rab-interacting SNARE protein, 
yeast Ufe1, has previously been implicated in ER assembly and provides more 
evidence for the involvement of a Rab GTPase in ER assembly (Anwar et al., 2012; 
Patel et al., 1998).   
Cellular Regulation by Rab GTPases and Phosphoinositides 
As previously mentioned, PI lipids, in combination with other lipid molecules, 
compose numerous organelle membranes including the ER, plasma membrane, Golgi 
and mitochondria (Behnia and Munro, 2005; Nikawa and Yamashita, 1997; Tanaka et 
al., 1996; Wenk and De Camilli, 2004).  Phosphatidylinositol Synthase (PIS) catalyzes 
the formation of PI from inositol and diacylglycerol at the ER.  PI is then used to directly 
synthesize phosphoinositides (PIPs) by reversible phosphorylation of the inositol ring of 
PI; PIPs play important roles in organelle identity, membrane trafficking, endocytosis, 
vacuolar protein sorting and intracellular signalling (Di Paolo and De Camilli, 2006; 
Odorizzi et al., 2000).  PIPs acts as regulators of Rab GTPase function by recruiting 
Rab effectors, GAPs and GEFs to membranes (Di Paolo and De Camilli, 2006).  
Conversly, Rabs can also act as regulators of PIP formation; for example, activated 
Rab5 on endoyctic vesicles recruits phosphoinositide 5-phosphatase and 
phosphoinositide 4-phosphatase to convert phosphatidylinositol 3,4,5-trisphosphate 
(PI(3,4,5)P) to phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) (Jean and Kiger, 2012).   
PIPs and small GTPases (like Rabs) also work together as co-receptors to recruit 
cytosolic proteins to specific membranes.  For example, actin polymerization is 
regulated by the binding of phosphatidylinositol 4, 5-bisphosphate (PI(4,5)P2) and the 
small GTPase Cdc42 to N-WASP.  N-WASP binding then results in activation of the 
32 
 
ARP2/3 complex and nucleation of the actin network (Rohatgi et al., 2000).  Based on a 
large body of data, including some discussed here, Rabs and PIPs are recognized as 
coordinators of membrane trafficking through their interactions and mutual regulation. 
 
Note: Portions of this chapter are reproduced from (English and Voeltz, CSHL 
Perspectives, 2012). 
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Chapter 2. Rab10 GTPase Regulates ER Dynamics and Morphology  
Introduction 
The Endoplasmic Reticulum (ER) is a large membrane bound compartment 
composed of multiple structurally distinct domains spread throughout the cytoplasm of 
eukaryotic cells.  The morphology of the ER is incredibly varied between its distinct, but 
continuous domains. The nuclear envelope encloses the nuclear contents and is 
composed of a large flattened sheet studded with nuclear pores.  The peripheral ER 
contains two distinct morphologies: the flattened membrane sheets of the ER cisternae 
and a reticular network of ER tubules.  A particularly striking feature of the ER is its 
extremely dynamic nature and ability to maintain its continuity during rearrangements of 
its complex morphology.  In animal cells, ER tubules are generated when the ER is 
pulled along microtubules (MTs) and contacts an adjacent ER region; the ER then 
subsequently undergoes a homotypic fusion reaction.  This homotypic fusion reaction 
results in the formation of a 3-way junction, which produces the reticular peripheral 
tubular ER morphology.  It is not known what factors regulate the growth and tethering 
between ER tubules and molecular motors on microtubules during ER dynamics.  
Numerous membrane compartments derive functional specificity from the precise 
combination of Rab proteins and effectors that guide fusion between donor and 
acceptor compartments (Behnia and Munro, 2005; Murray et al., 2002; Pfeffer, 2001).  
These GTP binding proteins regulate the fusion of donor and target membranes in a 
process regulated by GTP hydrolysis (Cai et al., 2007; Schwartz et al., 2007).  In vitro 
systems for ER formation suggest that a Rab GTPase could also regulate ER fusion 
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and/or tubule formation (Audhya et al., 2007; Turner et al., 1997).  Here, I identify 
Rab10 as an ER-specific Rab GTPase that regulates ER dynamics and morphology.  
Results 
A Rab GTPase is Required for ER Assembly in vitro 
Based on the previous data implicating a Rab GTPase in ER assembly (Audhya 
et al., 2007; Turner et al., 1997), I aimed to isolate Rab proteins localized to ER 
membranes.  I started with ER vesicles isolated from unfertilized Xenopus laevis egg 
extracts (Dreier and Rapoport, 2000; Voeltz et al., 2006).  These ER vesicles fuse to 
form a tubular ER network in the presence of hydrolyzable GTP (Figure 2.1A), as 
previously described (Dreier and Rapoport, 2000; Voeltz et al., 2006).  I next tested if 
pre-incubation of ER vesicles with recombinant Rab GDI would be inhibitory.  Rab GDI 
pre-incubation inhibits in vitro ER fusion and tubule formation (Figure 2.1A, bottom 
middle panel), similar to previously published reports (Audhya et al., 2007; Turner et al., 
1997).  Rab GDI also inhibits ER network formation when assayed quantitatively using a 
previously described Ca2+ release assay (Figure 2.1B) (Voeltz et al., 2006).  These 
results demonstrate that this in vitro ER network formation assay is sensitive to Rab 
GDI addition and is likely to contain a required Rab protein.   
To identify a Rab protein tightly associated with these Xenopus ER membranes, I 
optimized a purification scheme utilizing the ability of Rab proteins to bind to GTP 
(Figure 2.1C) (Cai et al., 2007; Schwartz et al., 2007).  I began with the ER vesicles 
from the in vitro network formation assay and washed them with buffer containing 500 
mM KCl; this wash does not inhibit ER network formation (Figure 2.1A, bottom right 
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panel).  Washed vesicles were solubilized with 1% Digitonin and applied to a GTP-
agarose column.  A control sample was alternatively pre-incubated with 1 mM GTPγS to 
pre-block GTP-binding sites prior to GTP-agarose binding.  The GTP-binding proteins 
were eluted from the column with GTP, and the elution was analyzed by SDS-PAGE 
(Figure 2.1D).  The unique ~25 kDa and ~45 kDa bands were excised and analyzed by 
mass spectrometry, the ~45 kDa band was identified as tubulin and the ~25 kDa band 
included several Rab proteins.  These Rabs were represented to different degrees of 
sequence coverage: Rab11 (40%), Rab8/10 (29%), Rab7 (20%), Rab2 (18%), and 
Rab1 (17%). 
I next tested if pre-incubation of ER vesicles with inhibitory concentrations of Rab 
GDI displaces membrane bound Rab proteins.  ER vesicles were first incubated with 
increasing concentrations of Rab GDI.  After incubation, membranes were pelleted from 
the soluble fraction and subjected to SDS-PAGE and immuno-blot analysis with an 
antibody recognizing Xenopus laevis Rab8/10 (Figure 2.1E).  Pre-incubation with Rab 
GDI caused Rab8/10 to be displaced from the membrane into the soluble fraction 
(Figure 2.1E).  Thus, Rab GDI regulates the association of Rab8/10 with the ER 
membrane and is likely to displace all of the Rabs present in the ER membrane fraction.  
My attempts to rescue Rab GDI-inhibited fusion by reconstitution of purified 
recombinant Rabs into the Rab GDI treated assay were unsuccessful, perhaps because 
Rab GDI displaces multiple components of the fusion machinery.  Regardless, these 
data support a model whereby Rab GDI inhibits ER formation by Rab displacement. 
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Rab10 is Localized to the ER  
To further characterize the identified Rab candidates, I generated fluorescently 
tagged expression constructs of a subset of human homologs of these candidates.  
These Rab constructs were transiently co-transfected into Cos-7 cells with a luminal ER 
marker (KDEL-targeted) to determine localization of each Rab relative to the ER marker 
by live confocal fluorescence microscopy (FM).  Several Rabs previously shown to 
localize to endocytic compartments gave the expected localization (Bucci et al., 1995; 
Bucci et al., 2000; Ullrich et al., 1996) and did not localize to the ER membrane 
(including mCh-Rab5, GFP-Rab7, and mCh-Rab11, Figure 2.2A).  To test the 
localization of the human homolog of Xenopus laevis Rab8/10, I made constructs of the 
two human paralogs (mCh-Rab8 and mCh-Rab10, Figure 2.3).  Despite their high 
sequence similarity (Figure 2.3A), Rab8 and Rab10 have very different localizations: 
mCh-Rab8 localized to vesicles and did not co-localize with the ER marker (Figure 
2.3B), consistent with its previously defined vesicular localization (Chen and Wandinger-
Ness, 2001).  In contrast, mCh-Rab10 co-localized very well with multiple domains of 
the ER, including the nuclear envelope (NE), peripheral ER cisternae and ER tubules 
(Figure 2.3B).  Even with low transfection levels, I observe mCh-Rab10 localized to the 
ER (Figure 2.4A).  Rab10 also co-localizes with GPP130-eGFP at the Golgi (Figure 
2.4B), consistent with previous reports (Schuck et al., 2007).  Rab10 does not co-
localize with markers for the mitochondria (GFP-mito), early endosome (mCh-Rab5) or 
recycling endosome (mCh-Rab11) (Figure 2.4B).  Previous studies have not assayed 
for co-localization between Rab10 and ER markers; however, images of Rab10 in C. 
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elegans reveals a reticular structure that is reminiscent of tubular ER (Chen et al., 2006; 
Shi et al., 2010). 
Rab10 Regulates ER Morphology 
The mechanisms that regulate the Rab family of GTPases are well known and 
mutations can be engineered to alter the activity of Rab proteins by changing their GTP-
binding state (Stenmark et al., 1994).  I generated two mutants of Rab10: a GTP-locked 
Q68L mutation and a GDP-locked T23N mutation.  In both Cos-7 (Figure 2.5A) and 
HeLa cells (Figure 2.5B), the fluorescently tagged wild type (WT) and mutant Rab10 
proteins are localized to the ER (although mCh-Rab10 T23N is also cytosolic).  
Immuno-blot analysis shows transfected cells express 2-3 fold more fusion protein 
relative to endogenous Rab10 (Figure 2.5C).  Under these conditions, confocal FM 
reveals that the expression of mCh-Rab10 T23N mutant dramatically alters peripheral 
ER shape, resulting in more cisternal regions and less tubules (compared to mCh-
Rab10 WT or controls, Figure 2.4A, 2.5A).  I developed a quantitative assay to measure 
the effect of Rab10 T23N expression on the ratio of cisternal to tubular ER (Figure 
2.6A).  First, I used ImageJ (NIH) to threshold the fluorescent images so that only ER 
cisternae were selected (Sahooa and Arorab, 2004).  I then thresholded the same 
image so that both tubular and cisternal ER domains could be visualized.  Three 
identical rectangular segments were analyzed per cell; these rectangles were drawn 
from the edge of the NE to the plasma membrane, away from the MT organizing center 
(Figure 2.6A).  The pixel area for ER cisternae was divided by the pixel area of total ER 
to give the percentage of peripheral ER that is cisternal.  In control cells expressing 
KDEL-venus alone, I calculated the peripheral ER to be 23% cisternal (Figure 2.6B); in 
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cells co-transfected with KDEL-venus and mCh-Rab10 WT, mCh-Rab10 Q68L, or mCh-
Rab10 T23N, only mCh-Rab10 T23N expression causes a statistically significant 
increase in the percent of cisternal ER (52%, compared to 19%, and 21% for mCh-
Rab10 WT, or mCh-Rab10 Q68L, respectively; Figure 2.6B).   
I next tested the effect of Rab10 depletion on peripheral ER shape.  Cells were 
transfected with control or Rab10 siRNA along with a luminal ER marker (KDEL-venus) 
to visualize ER shape (Figure 2.7A).  Rab10 siRNA treatment led to a noticeable 
expansion of cisternal ER and a reduction of ER tubules (Figure 2.7A).  Immuno-blot 
analysis confirmed efficient depletion of Rab10 by siRNA (Figure 2.7B).  I quantified the 
effect of Rab10 depletion on peripheral ER shape as before.  Rab10 siRNA-treated cells 
had a significant increase in cisternal ER relative to the control (68% versus 25%, 
respectively, Figure 2.7C).  Although Rab10 localizes to the Golgi and has previously 
been implicated in regulating Golgi trafficking (Schuck et al., 2007), I did not observe an 
effect of Rab10 depletion on Golgi morphology (Figure 2.8).   
As additional controls for the cisternal ER analysis, I expressed both wild type 
Rab5 and GDP-bound Rab5 (S34N) with KDEL-venus (Figure 2.2, 2.9A); expression of 
these constructs did not alter the percentage of cisternal ER, 20% for both mCh-Rab5 
WT and mCh-Rab5 S34N, when compared to other controls (Figure 2.9C compared to 
Figure 2.6B and 2.7C).  In addition to determining the ER composition when wild type 
and GDP-bound Rab5 were overexpressed, I determined the ER composition when a 
known cisternal-ER generating protein was expressed; previous work has shown that 
expression of the ER integral membrane protein Climp63 results in the increased 
formation of ER cisternae, as discussed in Chapter 1 (Shibata et al., 2010).  The effect 
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of mCh-Rab10 T23N expression on ER shape is intermediate in magnitude to that of 
Climp63 overexpression (80% cisternal, Figure 2.9B and 2.9C).  Together, these data 
indicate that the effect of Rab10 depletion or Rab10 mutant expression on ER 
morphology is Rab10 specific, and similar to what is observed for known ER cisternae 
generating proteins. 
Rab10 Alters the Efficiency of ER Tubule Extension and Fusion  
The observed increase in ER cisternae due to Rab10 depletion or Rab10 T23N 
expression is similar to the phenotype observed when ER tubule-shaping proteins, 
reticulons, are depleted (Anderson and Hetzer, 2008a; Voeltz et al., 2006) or MTs are 
depolymerized (Terasaki et al., 1986).  Thus, these results suggest that Rab10 plays a 
role in maintaining and/or generating the structure of ER tubules.  I next tested if the 
loss of ER tubules was caused by a defect in ER tubule extension and fusion.  I 
acquired live, time-lapse images of Cos-7 cells transfected with fluorescently tagged 
constructs of KDEL-venus alone, or with mCh-Rab10 WT or mCh-Rab10 T23N.  I 
measured the number of ER tubule extension events that occurred within a 10 µm2 box 
over a 5 minute time period and then measured whether the extended tubules could 
successfully fuse.  A “successful” fusion event was defined as when an ER tubule grows 
out, contacts the adjacent ER, and generates a 3-way junction that is maintained for 
more than 30 seconds (Figure 2.10A, top panel).  An “unsuccessful” event is when an 
ER tubule extends into another section of the ER but does not successfully fuse (Figure 
2.10A, bottom panel).  Cells expressing KDEL-venus alone or co-transfected with mCh-
Rab10 WT had similar successful fusion rates of 74% (mean of 9.5 out of 12.9 events) 
and 79% (mean of 10.2 out of 13.0 events), respectively (Figure 2.10B and 2.10C, 
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Appendix 1).  In contrast, cells expressing KDEL-venus with mCh-Rab10 T23N had a 
reduced rate of both successful fusion and extension (51%, 5.5 out of 10.7 events, 
Figure 2.10B and 2.10C, Appendix 1).  I observed a similar change when I instead 
normalize events relative to the total area of ER in the 10 µm2 box (Figure 2.10D, 
Appendix 1). These data demonstrate that expression of the Rab10 T23N mutant 
significantly reduces the efficiency of ER tubule extension and fusion. 
I next tested the effect of Rab10 depletion on ER tubule extension and fusion 
efficiency.  Cells were transfected with either control siRNA or Rab10 siRNA and with 
KDEL-venus (to visualize the ER dynamics; Figure 2.11A).  Cells treated with a control 
siRNA had a successful fusion rate of 79% (mean of 9.2 out of 11.9 events) compared 
to 53% (mean of 5.7 out of 10.6 events) for cells depleted of Rab10 (Figure 2.11B, 
2.11C, Appendix 2).  I observed a similar change when I instead normalize the events 
relative to the total area of ER in the 10 µm2 box (Figure 2.11D, Appendix 2).  Together, 
these data demonstrate that Rab10 depletion or Rab10 T23N expression both change 
the efficiency of ER tubule extension and fusion and provides the mechanism to explain 
how the loss of functional Rab10 results in a loss of tubular ER morphology.   
Discussion 
Based on the data presented here, I find that Rab10 localizes throughout the ER 
and regulates ER morphology and efficient ER growth.  Specifically, depletion of Rab10 
or expression of the Rab10 GDP-locked mutant causes an altered ER morphology with 
increased cisternae and less tubules.  By analyzing the dynamics of ER tubule growth 
and fusion in control and Rab10 altered cells, I further demonstrate that this change in 
ER morphology results from a reduced ability of ER tubules to extend and fuse with 
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adjacent tubules to form 3-way junctions.  There is not a complete loss of ER tubules 
with Rab10 siRNA treatment, but this could be because Rab10 depletion by siRNA is 
not 100%, and a minimal amount of remaining Rab10 molecules could suffice.  
Alternatively, the previously discussed atlastin-mediated fusion machinery (Chapter 1) 
(Hu et al., 2009; Orso et al., 2009; Rismanchi et al., 2008) could be responsible for the 
remaining ER dynamic events.   
Methods 
In vitro ER Formation and Aequorin-Based Ca2+ Efflux Assay 
A light membrane fraction from Xenopus egg extracts was prepared as previously 
described (Dreier and Rapoport, 2000).  ER formation assays were performed by 
washing membranes one time in membrane wash buffer (MWB = 50 mM HEPES-KOH 
[pH 7.5], 2.5 mM MgCl2, 250 mM sucrose, 150 mM KCl), followed by incubation in MWB 
with 1 mM ATP and 0.5 mM GTP at 25°C for 60 min according to methods described 
(Voeltz et al., 2006).  Network staining was performed with octadecyl rhodamine and in 
vitro networks were visualized by fluorescence microscopy.  Aequorin luminescence 
assays were performed as previously described (Voeltz et al., 2006), with 
measurements taken every 2.5 min. 
GTP-Binding Protein Precipitation and Mass Spectrometry 
A light membrane fraction from Xenopus eggs was prepared as previously described 
(Dreier and Rapoport, 2000).  Membranes were incubated for 5 min at room 
temperature in high salt MWB (MWB with 500 mM KCl).  The high salt washed 
membranes were then solubilized in 1% digitonin and centrifuged, the pelleted fraction 
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was discarded.  GTPγS samples were incubated with 1 mM GTPγS for 10 min at room 
temperature.  Both sets of solubilized membranes were bound to GTP-agarose beads in 
150 mM MWB for 1 hr at room temperature.  Bound proteins were eluted with 10 mM 
GTP, subjected to SDS-PAGE and identified by mass spectrometry.  All mass 
spectrometry was performed by the Taplin MS facility at Harvard Medical School. 
Constructs 
KDEL-venus was a gift from E. Snapp (Albert Einstein College of Medicine).  GPP130-
eGFP was a gift from T. Lee (Carnegie Mellon University).  mCh-KDEL, BFP-KDEL, 
GFP-Rab7, GFP-mito and mCh-α-Tubulin were gifts from J. Friedman.  mCh-Rab5 was 
described previously (Friedman et al., 2010).  mCh-Climp63 was a gift from Jonathan 
Friedman and generated by PCR amplifying full length Climp63 (NCBI NM_006825) and 
cloning into the NheI/BamHI from mCh-α-Tubulin.  mCh-Rab8, mCh-Rab10 and mCh-
Rab11 were generated by cloning mCherry into the NheI/BglII sites of pAcGFP1-N1 
(Takara Bio Inc.) and cloning human Rab8 (NCBI NM_016530), human Rab10 (NCBI 
NM_016131) or human Rab11 (NCBI NM_004663) with a stop codon into the 
BglII/EcoRI sites of that vector.  mCh-Rab10 Q68L and T23N were generated by site 
directed mutagenesis from mCh-Rab10.  mCh-Rab5 S34N was generated by site 
directed mutagenesis from mCh-Rab5. 
Expression in Mammalian Tissue Culture Cells 
Cos-7 and HeLa cells (ATCC) were grown to 80% confluency in Dulbecco's Modified 
Eagle Medium High Glucose (12430-062, Invitrogen) with 10% FBS and 1% 
penicillin/streptomycin in 3.5 cm microscope dish (P35G-2-14-CGRD, MatTek).  
Plasmid transfections were performed in Opti-MEM media (31985-088, Invitrogen) with 
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5 μL Lipofectamine 2000 (11668-027, Invitrogen) per dish for 5 hours.  Cells were 
imaged 36-48 hours after transfection was completed.  For all experiments, the 
following amounts of DNA were transfected per well: 0.1 µg KDEL-venus; 0.25 µg mCh-
Rab8; 0.5 µg (0.1 µg for low transfection) mCh-Rab10; 0.5 µg mCh-Rab10 Q68L; 0.5 µg 
mCh-Rab10 T23N; 50 ng GFP-mito; 50 ng GPP130-GFP; 0.25 µg mCh-Rab5; 0.25 µg 
mCh-Rab5 S34N; 0.25 µg mCh-Rab11; 25 µg GFP-Rab7; 0.25 μg mCh-KDEL; 0.25 µg 
mCh-Climp63. 
siRNA Transfections 
Cos-7 cells were grown to 80% confluency in Dulbecco's Modified Eagle Medium High 
Glucose with 10% FBS in 6 cm tissue culture dishes.  Transfections were performed, 
following manufactures directions, using DharmaFECT #1 transfection reagent (T-2001-
02, Dharmacon).  In brief, Negative Control (AM4635, Applied Bioscience) or Rab10 
SMARTpool siRNA (L-010823-00-0005, Dharmacon) were mixed with the transfection 
reagent to a final concentration of 25 nM, then applied to the cells for 48 hours.  In 
addition, various fluorescent plasmids were transfected, following manufactures 
directions, into each dish using Lipofectamine 2000 transfection reagent.  The 
transfection was terminated by removing the transfection media and splitting the cells to 
a 3.5 cm microscope dish and a 6 cm tissue culture dish.  After 24 hours, the cells in the 
3.5 cm microscope dish were imaged and the cells in the 6 cm tissue culture dish were 
harvested for protein level analysis by western blot. 
Immuno-Blot Analysis and Densitometry 
Whole cell lysates of Cos-7 cells were resuspended in Laemmli sample buffer, boiled 10 
min, separated by SDS-PAGE, and transferred to PVDF membrane.  Primary antibodies 
55 
 
to Rab10 (8127S, Cell Signaling Technologies) and GAPDH (G9545, Sigma), and HRP-
conjugated goat anti-rabbit (A6154, Sigma) secondary antibodies were used.  Signal 
was detected with SuperSignal West Pico Chemiluminescent solution (34080, Thermo 
Fisher Scientific).  Relative protein levels were determined using the ImageJ (NIH) Gel 
Plotting Macro following the protocol outlined in the ImageJ instruction manual.  
Confocal Microscopy 
Confocal Z-stacks of the peripheral ER were collected using Metamorph Software 
(Molecular Devices) on a Nikon Eclipse TE2000-U with a 100x objective, 1.40 NA 
(Nikon), fitted with a spinning disk confocal system (Solamere Technology Group,) and 
a Cascade II, a 16 bit EMCCD camera with a chip size 512 x 512 pixels (Photometrics) 
(pixel size at 1000x = 0.09 µm/pixel) (step size = 0.25µm).  Excitation of the 
fluorophores was performed using 405, 473 and 561nm diode LASERs. 
ER Cisternae Analysis 
The Z-stacks were imported to ImageJ (NIH) for analysis.  Each Z-stack was first 
compressed to a Maximum Intensity Projection.  The displayed range of the projection 
was set to the minimum and maxim intensities of the image. The image was then 
converted from a bit depth of 16 to 8, where the minimum intensity of the 16 bit image 
was 0 in the 8 bit image, and the maximum intensity of the 16 bit image was 255.  Using 
the Reni Entropy Threshold setting, the 8 bit projection image was then converted to 
two separate binary thresholded images (Sahooa and Arorab, 2004).  The first image 
represents ER cisternae and the second image represents total ER.  Three identical 28 
pixel wide line segments were drawn on the thresholded images, beginning at the 
nuclear envelope and ending at the cell periphery (while avoiding the MT organizing 
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center).  To determine the area in pixels of ER covered by each line segment, I first 
measured the total area in pixels and the mean intensity of each line segment, then 
divided the product of the mean intensity and the area by 255.  Dividing the number of 
ER cisternae pixels by the number of total ER pixels gives the percentage of ER 
cisternae in each line segment.  The remaining ER was determined to be ER tubes. 
ER Dynamics Analysis 
After imaging for 5 min, with exposures every 10 sec, the timecourses were imported to 
ImageJ (NIH) for analysis.  Brightness and contrast was adjusted across the images 
using ImageJ.  The timecourses were analyzed frame by frame for fusion events and for 
the presence of Rab10/PIS punctum, when applicable.  Where indicated, nocodazole 
(Acros Organics) drug treatments were performed as previously described (Friedman et 
al., 2010). 
Statistical Analysis 
Statistical significance between two values was determined using a two tailed, unpaired 
Student’s t test (Graphpad Prism).  Statistical analysis of three or more values was 
performed by one way ANOVA with Tukey's post hoc test (Graphpad Prism).  All data 
are presented as the mean ± standard error of the mean; *** P < 0.001. 
 
Note: Portions of this chapter are reproduced from (English and Voeltz, Nature Cell 
Biology, 2013). 
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Chapter 3. Rab10 GTPase Regulates ER Dynamics and Morphology at Sites of 
Phospholipid Synthesis 
Introduction 
In recent years, some of the factors regulating ER dynamics have been 
identified.  As mentioned in Chapter 1, homotypic ER fusion has been shown to be 
regulated by the Atlastin family of dynamin-like GTPases; atlastin family members 
localize to the tubular ER and accumulate in a striking pattern at 3-way junctions (Figure 
1.3C), indicating that this family of proteins may be involved in the formation or 
maintenance of 3-way junctions (Chen et al., 2012a; Hu et al., 2009; Orso et al., 2009; 
Park et al., 2010b; Rismanchi et al., 2008).  Furthermore, depletion of Atl2 and Atl3 by 
siRNA results in the formation of long unbranched ER tubules, while over-expression 
leads to an expansion of ER cisternae (Hu et al., 2009; Orso et al., 2009; Rismanchi et 
al., 2008).  Atlastin clearly plays an important role in regulating ER fusion; however, 
atlastin depletion does not cause the ER membrane to fragment in yeast or mammalian 
cells, suggesting that there are likely to be additional ER-assembly machineries 
involved.  It is also not known if the atlastins provide a direct link between the fusion 
machinery and dynamics that occur on the cytoskeleton.  
Recently, a new dynamic tubular ER domain enriched with Phosphatidylinositol 
Synthase (PIS) was described (Kim et al., 2011).  As discussed in Chapter 1, PIS 
catalyzes the formation of phosphatidylinositol from inositol and diacylglycerol at the 
ER; PI lipids, in combination with other lipid molecules, compose numerous organelle 
membranes including the ER, plasma membrane, Golgi and mitochondria (Behnia and 
Munro, 2005; Nikawa and Yamashita, 1997; Tanaka et al., 1996; Wenk and De Camilli, 
2004).  Data from Kim et al. posits that the mobile, ER-derived PIS-positive structures 
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could provide lipids to fusing membranes and may regulate lipid transfer between the 
ER and other organelles.  Photoactivation experiments demonstrate that this domain is 
ER derived, but does not label with other tested ER markers, except PIS (Kim et al., 
2011).  Here, I further characterize Rab10-mediated ER assembly, a process distinct 
from atlastin-mediated ER assembly, and identify a Rab10 domain that localizes to 
dynamic ER and facilitates ER fusion. 
Results 
A Rab10/PIS Domain Leads ER Tubule Extension and Fusion  
Live-cell imaging reveals that Rab10 structures localize not only to the ER, but 
also to dynamic ER associated structures (Figure 3.1).  A time-course of these Rab10 
structures relative to a general ER marker reveals that they precede the path of new ER 
tubule growth (Figure 3.1A).  In animal cells, most ER dynamics are dependent on the 
MT network (Terasaki et al., 1986; Waterman-Storer and Salmon, 1998); I therefore 
asked if Rab10-dynamic domains also track along MTs.  To simultaneously image ER, 
Rab10 and MTs, cells were co-transfected with ER marker, BFP-Rab10 and mCh-α-
tubulin (Figure 3.2A).  As before, BFP-Rab10 localized to the ER network and to 
dynamic domains that marked the path of future ER dynamics.  BFP-Rab10 dynamic 
domains were observed traveling along existing MTs, reminiscent of ER sliding events 
(Figure 3.2A) (Friedman et al., 2010).  To assay if these dynamics were sensitive to MT 
depolymerization, I treated cells with nocodazole (5 µM) for 60 minutes, a condition 
shown to deplete both sliding and TAC-mediated ER dynamics (Friedman et al., 2010; 
Waterman-Storer and Salmon, 1998).  To establish if Rab10-mediated dynamics are 
inhibited by MT depolymerization, I performed overlays of ER images taken 1 minute 
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apart at three time points: before, 20 min post, and 60 min post nocodazole treatment 
(Figure 3.2B).  These overlays reflect the degree to which the Rab10 dynamic punctum 
and ER network move over a 1 minute time period.  I determined that the Rab10 
structures are sensitive to MT depolymerization and their dynamics cease by 60 min 
post nocodazole treatment, when virtually all MTs appear to have been depolymerized.   
ER-associated Rab10 dynamic domains are reminiscent of a recently described 
dynamic sub-compartment of the ER enriched in the ER enzyme Phosphatidylinositol 
Synthase (PIS) (Kim et al., 2011).  PIS catalyzes the conversion of inositol to 
phosphatidylinositol at the ER membrane; photo-activation experiments demonstrated 
that this dynamic PIS domain is derived from the ER membrane (Kim et al., 2011).  To 
test if PIS and Rab10 localize to the same dynamic compartment, I transfected Cos-7 
cells with mCh-PIS, BFP-Rab10 and KDEL-venus.  Rab10 and PIS co-localize at the 
ER, Golgi, and at dynamic puncta (Figure 3.3A).  These dynamic puncta are tightly 
associated with the ER membrane over time, but initially lack ER luminal marker 
staining (Figure 3.3A).  Out of 444 puncta (from 10 cells), 68% were positive for both 
Rab10 and PIS, 24% were Rab10 only positive, and 8% were PIS only positive (Figure 
3.3B, Appendix 3).  These data demonstrate that Rab10 is a marker for the same ER-
associated dynamic domains where PIS regulates PI synthesis (Kim et al., 2011).  
I have shown that Rab10 regulates ER extension and fusion and that it partitions 
to dynamic ER-associated domains where PIS is also present.  I therefore asked if 
these dynamic domains would be found at the leading edge of ER extension and fusion 
events.  I acquired live, time-lapse confocal images of Cos-7 cells co-transfected with 
BFP-Rab10 WT, mCh-PIS and KDEL-venus (to visualize all ER tubule dynamics) and 
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measured the percent of ER tubule dynamic events that were defined by a Rab10/PIS 
punctum at their leading edge (within a 10 µm2 box over a 5 minute period).  This 
analysis identified Rab10/PIS puncta localized to the leading edge of 42.3% of dynamic 
events (mean = 4.3 out of 10.2 events, Figure 3.3C, Appendix 4).  Therefore, many but 
not all ER extension events are led by Rab10/PIS.   
I tested if the GTP-binding state of Rab10 would affect the ability of Rab10 and 
PIS to co-localize at dynamic puncta.  I find that in cells expressing the Rab10 T23N 
mutant, the percent of puncta labeled with both markers is reduced (to 54%, Figure 
3.3B).  I next asked if the Rab10/PIS puncta that form in the presence of the Rab10 
T23N mutant would be reduced in their ability to mediate ER extension and fusion. 
Indeed, when I express BFP-Rab10 T23N with mCh-PIS and KDEL-venus, now only 
25.9% of the dynamic events are led by a Rab10/PIS punctum (mean = 1.9 out of 7.3 
events, Figure 3.3C, Appendix 4).  Strikingly, for those ER dynamic events led by a 
Rab10 T23N/PIS punctum, only 11.5% result in a successful fusion event, compared to 
90.7% for Rab10 WT/PIS puncta (Figure 3.3D, Appendix 4).  Together, these data 
identify a unique Rab10/PIS domain that leads many ER extension events and 
demonstrate that the formation and function of this domain is regulated by the GTP 
binding state of Rab10.   
Rab10 Regulates the Formation of a Dynamic Domain Enriched in Lipid 
Synthesizing Enzymes PIS and CEPT1 
The ER is a major site of phospholipid synthesis for numerous lipid types 
including PI, phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 
phosphatidylserine (Fagone and Jackowski, 2009).  PIS partitions to a dynamic domain 
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(Kim et al., 2011) that I show contains and is regulated by Rab10; therefore, I asked if 
other lipid synthesizing proteins localize to Rab10/PIS domains.  CEPT1 is an ER 
localized enzyme that catalyzes the conversion of diacylglycerol precursors to PE or PC 
(Fagone and Jackowski, 2009; Henneberry et al., 2002).  When I transfect Cos-7 cells 
with mCh-tagged human CEPT1, I see it localized to the ER membrane and to dynamic 
puncta, similar to Rab10 and PIS (Figure 3.4A, 3,4B).  These mCh-CEPT1 puncta co-
localize with BFP-Rab10 to dynamic structures that lead ER dynamics (Figure 3.4C).  I 
used the Pearson-Spearman co-localization coefficient (French et al., 2008)  to 
quantitate and compare the co-localization between BFP-Rab10 and mCh-CEPT1, 
mCh-PIS, mCh-Sec61β or KDEL-venus (Figure 3.5A).  Analysis demonstrated that 
BFP-Rab10 and mCh-CEPT1 or mCh-PIS are co-localized to similar levels, 69.9% and 
70.5%, respectively (Figure 3.5B); in contrast, BFP-Rab10 and mCh-Sec61β or KDEL-
venus are co-localized to a lesser extent, 51.3% and 49.8%, respectively.  These data 
reveal that Rab10 partitions with CEPT1 and PIS relative to the general membrane and 
luminal ER markers mCh-Sec61β and KDEL-venus, respectively.  I also characterized 
the composition of puncta marked by mCh-CEPT1, BFP-Rab10 WT and/or GFP-PIS 
(Figure 3.6A).  Almost all puncta are enriched for all three markers (65.7%, n = 10 cells, 
911 puncta), or Rab10 with one of the tested lipid synthesizing proteins (9.9% for 
CEPT1/Rab10; 7.7% for Rab10/PIS) (Figure 3.6B).  Together, these data indicate that 
Rab10 mediated dynamics are associated with a lipid-synthesizing domain of the ER, 
and introduce the intriguing possibility that phospholipid synthesis is coupled to Rab10-
mediated ER extension and fusion. 
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I next asked if co-localization of PIS and CEPT1 at dynamic puncta requires 
Rab10.   When GDP-locked mutant Rab10 (BFP-Rab10 T23N) is expressed with mCh-
CEPT1 and GFP-PIS, I observed a dramatic decrease in the accumulation of mCh-
CEPT1 at dynamic puncta as well as a reduction in the size of GFP-PIS puncta (Figure 
3.7A).  Thus, the GTP binding state of Rab10 regulates the formation of this domain.  I 
also tested the effect of BFP-Rab10 T23N expression on the dynamics of GFP-PIS 
puncta.  I overlayed time lapse snapshots of GFP-PIS taken at t0 and t60sec and 
measured to what extent the PIS puncta change positions over time (Figure 3.7B).  
Using the Pearson-Spearman co-localization coefficient (PC), I demonstrate that PIS 
puncta are less mobile in the presence of GDP-locked Rab10 when compared to Rab10 
WT (PC = 33.7% versus 56.2%, Figure 3.7C).  Together, these data demonstrate the 
requirement of functional Rab10 for the formation and dynamics of the 
Rab10/PIS/CEPT1 puncta.   
Atlastin and Rab10 Do Not Overlap in Function or Location 
Based on localization analysis, Rab10 in not present at all ER dynamics; 
however, the atlastin fusion machinery (Hu et al., 2009; Orso et al., 2009; Rismanchi et 
al., 2008) could be responsible for the remaining dynamic events.  Atlastin is 
ubiquitously expressed, partitions specifically to ER tubules and accumulates at 3-way 
junctions (Chen et al., 2012a; Hu et al., 2009; Orso et al., 2009; Park et al., 2010b; 
Rismanchi et al., 2008).  In accordance with previously published data, I localized GFP-
Atl3 to ER tubules and to punctate structures that are often at 3-way junctions (Figure 
1.3C); however, these GFP-Atl3 puncta do not co-localize with the Rab10 dynamic 
puncta (labeled with BFP-Rab10 WT, Figure 3.8A).  Expression of atlastin (GFP-Atl3) is 
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also unable to rescue the expansion of ER cisternae caused by BFP-Rab10 T23N 
expression or Rab10 siRNA treatment (Figure 3.8A, 3B).  In fact, Rab10 defects lead to 
altered localization and morphology of GFP-Atl3.  Atlastin puncta also do not co-localize 
with the Rab10/PIS dynamic domains (Figure 3.8C).  Interestingly, depletion of atlastin 
or Rab10 give nearly opposite ER phenotypes: atlastin depletion from Cos-7 cells 
results in elongated ER tubules (Hu et al., 2009), while Rab10 depletion increases 
cisternal ER at the expense of tubules (Figure 2.5).  Together, these data suggest that 
the Rab10 and atlastin machineries are not redundant and likely regulate separate 
mechanisms of ER dynamics. 
Discussion 
Through the work presented here, I find that Rab10 and the lipid synthesizing 
proteins, PIS and CEPT1, partition to a dynamic domain that predicts the position of 
new ER tubule extension and fusion events.  Further characterization of this domain 
identified Rab10/PIS at the leading edge of 42% of the measured ER dynamic events.  
A popular theory posits that Rabs and components of the phospholipid synthesis 
pathway confer not only membrane identity, but also recruit other necessary 
compartment-specific components to regulate different parts of the fusion process 
(Behnia and Munro, 2005; Murray et al., 2002; Wenk and De Camilli, 2004).  My work 
establishes the localization of dynamic Rab10 puncta to the same dynamic structures 
that were recently shown to label with PIS (Kim et al., 2011).  Data from Kim et al. 
suggest that the mobile, ER-derived PIS positive structures could provide lipids to fusing 
membranes.  Based on the co-localization between Rab10, PIS and CEPT1 at the 
leading edge of dynamic ER events and the requirement of functional Rab10 for the 
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formation of this dynamic domain, I suggest that a Rab10-mediated complex could 
regulate ER extension and fusion along the MT cytoskeleton, while PIS and CEPT1 
could synthesize the phospholipids necessary for ER growth and/or fusion (Figure 3.9).  
Together, these connections introduce the intriguing model that new ER tubule growth, 
fusion and phospholipid synthesis could all be coupled; in support of this model, I have 
shown here that the presence of the GDP-locked Rab10 mutant dramatically reduces 
the ability of these domains to form and promote ER extension and fusion.  Future 
studies will be required to determine if there is a physical link between Rab10 and these 
lipid-synthesizing enzymes or between Rab10 and molecular motor proteins.  
Numerous cellular processes have multiple mechanisms in place to ensure the 
viability of the cell; therefore, it is not surprising to assume that a process as important 
as ER assembly would have multiple mechanisms.  Based on the presented data, I 
suggest that Rab10 and atlastin mediate separate, but equally important, ER assembly 
mechanisms (Figure 3.9).  When GFP-Atlastin3 (GFP-Atl3) is overexpressed in Cos-7 
cells it localizes, as expected, to ER tubules and accumulates at enlarged structures at 
3-way junctions.  Interestingly, when BFP-Rab10 and GFP-Atl3 are co-expressed I do 
not observe any co-localization between Rab10 and Atl3 punctate structures.  Indeed, 
Atlastin overexpression cannot rescue the expansion of ER cisternae caused by mCh-
Rab10 T23N expression, suggesting that these two machineries are not redundant.  
These results may not be surprising because depletion of atlastin and Rab10 depletion 
give almost opposite ER morphologies: atlastin depletion from Cos-7 cells results 
elongated and less branched ER tubules (Hu et al., 2009), whereas Rab10 depletion 
increases cisternal ER (a consequence of failed ER fusion).  Additionally, I find that Atl3 
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puncta do not co-localize with Rab10/PIS dynamic domains, giving further support that 
they have separate functions in regulating ER structure and assembly.  A detailed 
analysis of atlastin and Rab10 interacting proteins will further differentiate the 
mechanisms of these different machineries. 
Methods 
Constructs 
KDEL-venus was a gift from E. Snapp (Albert Einstein College of Medicine).  mCh-α-
Tubulin was a gift from J. Friedman.  mCh-Sec61β was described previously (Zurek et 
al., 2011).  GFP-Atl3 was a gift from Jonathan Friedman and generated by PCR 
amplifying full length Atl3 (NCBI NM_015459) and cloning it into the KpnI/XhoI sites of 
the pAcGFP-C1 vector (Clonetech).  GFP-PIS was generated by PCR amplifying full 
length PIS (NCBI AF014807) and cloning into the BglII/KpnI sites of the pAcGFP-C1 
vector.  mCh-PIS was generated by PCR amplifying full length PIS (NCBI AF014807) 
and cloning into the BglII/KpnI sites of pAcGFP-C1, pAcGFP-C1 had GFP excised and 
mCherry inserted into NheI/XhoI sites.  mCh-CEPT1 was generated by PCR amplifying 
full length CEPT1 (NCBI NM_006090) and cloning into the BglII/EcoRI sited of pAcGFP-
C1, pAcGFP-C1 had GFP excised and mCherry inserted into NheI/XhoI sites.  BFP-
Rab10 was generated by PCR amplifying full length Rab10 and cloning into the 
BglII/EcoRI sites of pTagBFP-C.  BFP-Rab10 T23N was generated by site directed 
mutagenesis from BFP-Rab10.   
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Expression in Mammalian Tissue Culture Cells 
Cos-7 and HeLa cells (ATCC) were grown to 80% confluency in Dulbecco's Modified 
Eagle Medium High Glucose (12430-062, Invitrogen) with 10% FBS and 1% 
penicillin/streptomycin in 3.5 cm microscope dish (P35G-2-14-CGRD, MatTek).  
Plasmid transfections were performed in Opti-MEM media (31985-088, Invitrogen) with 
5 μL Lipofectamine 2000 (11668-027, Invitrogen) per dish for 5 hours.  Cells were 
imaged 36-48 hours after transfection was completed.  For all experiments, the 
following amounts of DNA were transfected per well: 0.1 µg KDEL-venus; 0.25 μg mCh-
KDEL; 0.5 µg BFP-Rab10; 0.5 µg BFP-Rab10 T23N; 0.2 µg GFP-PIS; 0.2 µg mCh-PIS; 
0.2 µg mCh-CEPT1; 0.125 µg mCh-α-tubulin; 0.1 µg GFP-Atl3. 
siRNA Transfections 
Cos-7 cells were grown to 80% confluency in Dulbecco's Modified Eagle Medium High 
Glucose with 10% FBS in 6 cm tissue culture dishes.  Transfections were performed, 
following manufactures directions, using DharmaFECT #1 transfection reagent (T-2001-
02, Dharmacon).  In brief, Negative Control (AM4635, Applied Bioscience) or Rab10 
SMARTpool siRNA (L-010823-00-0005, Dharmacon) were mixed with the transfection 
reagent to a final concentration of 25 nM, then applied to the cells for 48 hours.  In 
addition, various fluorescent plasmids were transfected, following manufactures 
directions, into each dish using Lipofectamine 2000 transfection reagent.  The 
transfection was terminated by removing the transfection media and splitting the cells to 
a 3.5 cm microscope dish and a 6 cm tissue culture dish.  After 24 hours the cells in the 
3.5 cm microscope dish were imaged and the cells in the 6 cm tissue culture dish were 
harvested for protein level analysis by western blot. 
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Confocal Microscopy 
Confocal Z-stacks of the peripheral ER were collected using Metamorph Software 
(Molecular Devices) on a Nikon Eclipse TE2000-U with a 100x objective, 1.40 NA 
(Nikon), fitted with a spinning disk confocal system (Solamere Technology Group,) and 
a Cascade II, a 16 bit EMCCD camera with a chip size 512 x 512 pixels (Photometrics) 
(pixel size at 1000x = 0.09 µm/pixel) (step size = 0.25µm).  Excitation of the 
fluorophores was performed using 405, 473 and 561nm diode LASERs. 
ER Dynamics Analysis 
After imaging for 5 min, with exposures every 10 sec, the timecourses were imported to 
ImageJ (NIH) for analysis.  Brightness and contrast was adjusted across the images 
using ImageJ.  The timecourses were analyzed frame by frame for fusion events and for 
the presence of Rab10/PIS punctum, when applicable.  Where indicated, nocodazole 
(Acros Organics) drug treatments were performed as previously described (Friedman et 
al., 2010). 
Pearson-Spearman Co-Localization Coefficient 
Acquired Z-stacks or one minute timecourses were imported to ImageJ (NIH) for 
analysis.  Each Z-stack was first compressed to a Maximum Intensity Projection.  The 
displayed range of the projection was set to the minimum and maxim intensities of the 
image. The image was then converted from a bit depth of 16 to 8, where the minimum 
intensity of the 16 bit image was 0 in the 8 bit image, and the maximum intensity of the 
16 bit image was 255.  The necessary images were overlayed and the Pearson-
Spearman co-localization coefficient was determined using the PSC Colocalization 
plugin (French et al., 2008) for ImageJ.  
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Statistical Analysis 
Statistical significance between two values was determined using a two tailed, unpaired 
Student’s t test (Graphpad Prism).  Statistical analysis of three or more values was 
performed by one way ANOVA with Tukey's post hoc test (Graphpad Prism).  All data 
are presented as the mean ± standard error of the mean; *** P < 0.001, ** P < 0.01. 
 
Note: Portions of this chapter are reproduced from (English and Voeltz, Nature Cell 
Biology, 2013). 
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Chapter 4. Concluding Remarks 
Summary 
 It is currently unclear why the ER undergoes constant rearrangements resulting 
in numerous homotypic fusion reactions and the formation of 3-way junctions.  
Presumably, ER dynamics are required for normal ER function: homotypic ER fusion 
may regulate the distribution of lipids, signaling molecules and proteins to specific ER 
microdomains, and ER-organelle contacts may facilitate the exchange of proteins, lipids 
and Ca2+ to other cellular membranes.  Previous studies focused on homotypic ER 
assembly have established the requirement for a Rab-mediated fusion machinery.  
Through the work presented here, I have established the specific requirement for a 
Rab10-mediated homotypic ER fusion mechanism (Figure 4.1).  Overexpression and 
depletion experiments have demonstrated not only the requirement for Rab10, but also 
the necessity of GTP-bound Rab10 for proper ER function.  Expression of GDP-bound 
Rab10 or depletion of endogenous Rab10 results in a collapse of the tubular ER 
network and the prevalence of ER cisternae.  The collapse of the tubular ER network is 
reminiscent of the inhibition of tubular ER shaping proteins (Rtns) or depolymerization of 
the MT network, indicating that Rab10 is functionally important for ER morphology; 
furthermore, my data demonstrate the increase in ER cisternae is due to the inability of 
the ER to successfully fuse when functional Rab10 is not present. 
Where do the necessary lipid membranes come from to facilitate homotypic ER 
fusion reactions and general ER dynamics?  Built on an unusual observation, I have 
identified and characterized a novel Rab10 compartment that facilitates ER dynamics 
and fusion by traveling along the MT network through an ER sliding mechanism.  
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This Rab10 domain marks the site of 42% of all ER dynamics, with GTP-bound Rab10 
regulating the formation and function of this domain.  Further characterization of this 
domain identified two resident lipid-synthesizing proteins, PIS and CEPT1.  Rab10 
mutant experiments demonstrate that without functional Rab10 present, the formation of 
this Rab10 dynamic domain is inhibited.  These data suggest the intriguing possibility 
that the Rab10 dynamic domain provides the necessary membranes to facilitate 
homotypic ER fusion and ER dynamics.  This domain could also house the other 
proteins necessary for Rab10-mediated ER fusion (effectors, GEFs, GAPs, GDFs, 
SNAREs and/or tethers) and an ER-MT tethering protein to facilitate ER sliding. 
Recently, much work has gone into the identification and characterization of the 
atlastin-mediated ER homotypic fusion machinery.  Localization experiments have 
demonstrated that Rab10 and atlastin occupy distinct ER compartments; both proteins 
localize throughout the entire ER, but Rab10 localizes to punctate structures at the 
dynamics tips of the ER, and atlastin localizes to punctate structures at 3-way junctions.  
Furthermore, expression of atlastin cannot rescue the ER morphology defect exhibited 
by Rab10 depleted or expression of Rab10 GDP-bound mutant cells.  Together, these 
data indicate that ER assembly involves at least two distinct mechanisms: Rab10-
mediated and atlastin-mediated.  In the work presented here, I have focused on 
studying homotypic fusion of ER membranes regulated by Rab10; it would be 
interesting to further study other ER dyamics, specifically ER-organelle contacts and 
determine if there is a Rab protein(s) mediating the membrane contacts present at 
these sites.   
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Rab10 Expression in Other Systems 
 A moderate amount of literature examines the function of Rab10 in different 
model systems with no consistent function for Rab10 identified (Chen et al., 2006; Chen 
et al., 2012b; Sano et al., 2007; Wang et al., 2011).  All of these studies have one 
common underlying factor: none determines the localization and effect of Rab10 on the 
ER.  Here, I discuss how my data supporting a role for Rab10 in ER dynamics and 
morphology relates to previously published Rab10 data. 
Rab10 Expression in Neurons 
 Recent work has examined the role of Rab10 in regulating neuronal morphology 
(Wang et al., 2011).  Overexpression of GFP-Rab10 shows localization throughout the 
neuron, with accumulation in the distal axons after maturation (Wang et al., 2011).  
Depletion of endogenous Rab10 by siRNA and expression of GDP-bound Rab10 
(T23N), results in a striking decrease in total axon length (Wang et al., 2011).  
Additionally, expression of Rab10 WT or GTP-bound Rab10 (Q68L) was sufficient to 
rescue the axon development defect induced by Rab10 depletion or expression of GDP-
bound Rab10 (Wang et al., 2011).  Even though these data are interesting in scope, it 
remains unclear what membrane fusion reaction Rab10 is regulating to affect axon 
growth.  Based on my data demonstrating a role for Rab10 in ER assembly, I pose that 
Rab10’s regulation of ER morphology affects the overall morphology of the neuron and 
axon during development.   
In neurons, tubular ER is distributed throughout axons and dendrites where it is 
required for proper Ca2+ signaling (Ramirez and Couve, 2011).  Recent work has 
suggested that the ER is present in axons and dendrites not only for neuronal signaling 
82 
 
but also for regulation of neuron shape.  Specifically, the ER shaping integral membrane 
proteins, Rtns, have been implicated in indirectly shaping the overall morphology of 
neurons and potentially other cells (O'Sullivan et al., 2012; Ramirez and Couve, 2011; 
Voeltz et al., 2006).  Rtn1 was first named NSP-1 for neuronal-specific-protein 1 
because of its high expression levels in neurons (van de Velde et al., 1994).  Due to the 
requirement of tubular ER in axons for proper function, Rtn inhibition would be predicted 
to affect the axon and its pre-synaptic terminal.  Recent work has demonstrated that 
loss of Rtn1 in Drosophila affects long neuronal axons by causing abnormalities in distal 
motor neurons and pre-synaptic terminals (O'Sullivan et al., 2012).  Based on the 
Rab10 and Rtn data, it is feasible to hypothesize that ER morphology can determine 
neuron shape, principally due to the requirement of the ER for proper synaptic signaling.  
Expression and depletion experiments with known ER shaping proteins (like Rtns and 
Climp63) and ER assembly proteins (like Rab10 and atlastin) will illuminate how ER 
morphology affects neuron differentiation and general morphology.  
Rab10 Expression in C. elegans 
 The first in vivo Rab10-focused study characterized C. elegans Rab10 in the 
context of endocytic recycling, specific to the C. elegans intestine (Chen et al., 2006). 
The Rab10 C. elegans homolog, gum-1, was first identified in a screen to identify 
mutants with rme-1-like phenotypes (Chen et al., 2006); RME-1 is believed to be 
involved in endocytic recycling (Grant et al., 2001).  Expression of GFP-Rab10 in C. 
elegans intestines results in a tubular morphology with punctate structures, reminiscent 
of ER staining in C. elegans intestine and Rab10 puncta staining in mammalian cell 
culture (Figure 4.2) (Chen et al., 2006; Rolls et al., 2002).  Regrettably, the authors did 
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not test Rab10 co-localization with any ER markers.  Instead, the authors claim that 
Rab10 co-localizes with early, late and recycling endosome markers (Chen et al., 2006); 
however, upon closer inspection, only partial co-localization is observed when looking at 
their images of Rab10 localization with endosome markers (Chen et al., 2006), similar 
to what is seen with localization experiments of ER markers with endosomes in 
mammalian cells (Figure 2.2) (Friedman et al., 2010).  Expression of gum-1 mutants 
results in the accumulation of endocytic vesicles (Chen et al., 2006); however, this 
accumulation in endocytic vesicles could be due to an ER defect caused by the gum-1 
mutants.  As previously mentioned in Chapter 1, deletion of the integral ER membrane 
protein VAP-A alters the ability of late endosomes to traffic away from the MTOC, 
resulting in an accumulation of late endosomes at the MTOC (Rocha et al., 2009).  To 
determine the precise location and function of Rab10 in C. elegans, it is essential to 
probe with numerous cellular markers including, but not limited to, ER labels.   
Rab10 Expression in Adipocytes 
 The majority of Rab10-centered research focuses on the potential role of Rab10 
in insulin-induced trafficking of GLUT4 to the plasma membrane (Chen et al., 2012b; 
Sano et al., 2007).  Insulin stimulates glucose uptake into adipocytes and muscle cells 
by recruiting GLUT4 to the plasma membrane (Bryant et al., 2002).  Numerous Rab 
proteins, including Rab10, are thought to mediate individual steps in the transport of 
GLUT4 to and from the plasma membrane (Foley et al., 2011).  For all of the Rab 
proteins involved in the GLUT4 transport pathway, there is only one Rab GAP protein, 
AS160.  Previous work has demonstrated AS160 as a global inhibitor of all Rabs in the 
GLUT4 transport pathway, including Rab10 (Sano et al., 2007).  Upon insulin 
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stimulation, both GLUT4 and Rab10 are transported to the plasma membrane (Chen et 
al., 2012b); however, it is unclear if Rab10 and GLUT4 are present in the same 
membrane compartment at the plasma membrane.  Depletion of endogenous Rab10 by 
shRNA results in a 30% decrease in GLUT4 transport to the plasma membrane upon 
insulin stimulation (Sano et al., 2007).  As previously mentioned in Chapter 1, ER-
plasma membrane contacts are required for the transport of PI4P lipids, non-vesicular 
transfer of sterols, and Ca2+ level regulation (Baumann et al., 2005; Carrasco and 
Meyer, 2011; Li and Prinz, 2004; Stefan et al., 2011); therefore, it is reasonable to 
theorize that the GLUT4 plasma membrane trafficking defects observed when 
endogenous Rab10 is depleted may be due to a defect in ER morphology or dynamics.  
When studying any type of cellular process, it is essential to study all of the parts of that 
process; for the example of GLUT4 transport to the plasma membrane, it is important to 
look at how changing any one part of the process affects the rest of the cell, including 
the ER. 
Conclusions 
It is common for a single Rab to have multiple functions at different membranes, 
with the precise combination of GEFs, GAPs, GDFs, SNAREs and effectors conferring 
the specific function of a Rab at a certain membrane (Cai et al., 2007).  For example, 
the yeast Rab Ypt1 (Rab1 in mammals) is required for ER-to-Golgi traffic, intra-Golgi 
traffic and early endosome recycling, but the precise combination of Ypt1 effectors 
determine the function of Ypt1 at each membrane (Cai et al., 2007).  It is also normal for 
multiple Rab proteins to use the same GEFs, GAPs and GDFs (Rab5, Rab21, Rab22 
and Rab33 all utilize the same GEF), but once again, the precise combination of these 
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proteins at a specific membrane is what determines Rab specificity (Jean and Kiger, 
2012; Pfeffer, 2001; Sano et al., 2007).  For these reasons, it is necessary to 
understand the entire network of combinatorial control for individual Rab proteins, 
including Rab10.  It is plausible that Rab10 has multiple functions throughout the cell, 
and the observed effects of Rab10 on the ER, neuron morphology, endocytic recycling 
and GLUT4 trafficking to the plasma membrane are membrane and effector binding 
specific.  In contrast, it is also possible that the Rab10 effects seen on multiple cellular 
membranes and processes during Rab10 function disruption are due to Rab10’s 
primary effect on ER morphology and dynamics; this deleterious effect on ER 
morphology and dynamics then leads to larger disturbances in other cellular processes 
due to the numerous ER-organelle contacts perturbed.  
Future Directions 
Endogenous Rab10 
  To truly understand the function of a protein, it is important to study the 
endogenous protein.  I have tried numerous times to examine the cellular localization of 
endogenous Rab10 by immunofluorescence to no avail.  Frustratingly, there are no 
commercially available antibodies that recognize Rab10 for immunofluorescence or 
immunoprecipitation assays.  I have tried three times to raise polyclonal antibodies 
against full length Rab10 and never succeeded, this may be due to the high sequence 
identity between rabbit and human Rab10 (99%).  Not having a functional Rab10 
antibody has drastically reduced my ability to study endogenous Rab10 using antibody-
centered techniques such as immunofluorescence, immunoprecipitation or inhibition of 
endogenous Rab10 in the in vitro ER assembly assay.  Without a functional Rab10 
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antibody, it may still be possible to successfully study endogenous Rab10 using cell 
fractionation assays to localize endogenous Rab10 to a specific membrane 
compartment.  Alternatively, we could generate a cell line with a chromosomal knock in 
of fluorescently labeled-Rab10 in place of endogenous Rab10; this process would be 
time consuming, but extremely useful for characterizing Rab10 localization and 
dynamics by live cell fluorescent microscopy.  With the constant advancement in 
scientific techniques, it may one day be possible to produce an antibody recognizing 
Rab10 that can be used for immunofluorescence, immunoprecipitation and other 
antibody-centered assays. 
Identification of Rab10 Interacting Proteins 
 To further understand how Rab10 regulates ER dynamics and morphology it will 
be essential to identify Rab10-interacting proteins that are also members of the Rab10-
mediated ER fusion machinery.  Numerous studies have demonstrated the ability of 
Rab proteins to recruit and retain proteins into organelle subcompartments responsible 
for mediating membrane fusion reactions (Moyer et al., 2001; Zerial and McBride, 
2001); therefore, it is reasonable to assume that the Rab10 dynamic domain is an ER-
assembly subcompartment responsible for recruiting other proteins necessary for ER 
assembly and dynamics.  Immunoprecipitation reactions with Rab10 (tagged or 
untagged) could be used to identify Rab10 interacting proteins in mammalian tissue 
culture cells or the in vitro Xenopus ER assembly assay.  Any interacting proteins could 
then be further characterized for their role in ER dynamics and morphology, similar to 
the experiments I performed to elucidated Rab10’s role in ER dynamics and 
morphology.  
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Based on previous data, multiple proteins have been identified as Rab10 
interacting proteins, these will be ideal candidates for the Rab10-mediated ER fusion 
machinery (Patel et al., 1998; Sano et al., 2007; Wang et al., 2011; Yoshimura et al., 
2010).  Sequence homology searches using the GEF domain (the “DENN” domain) of 
the established Rab3 GEF, MADD, revealed a family of 17 proteins with a conserved 
DENN domain (Yoshimura et al., 2010).  One of the identified proteins, DENND4B, was 
verified as a Rab10 GEF by promoting the release of GDP from Rab10 in a GDP-
release assay (Yoshimura et al., 2010).  Expression of mCh-Rab10 and EGFP-
DENND4B, showed co-localization of both proteins to a tubular, perinuclear membrane 
compartment; this compartment did not co-localize with endosomal, lysosomal or Golgi 
markers, no ER marker was tested (Yoshimura et al., 2010).  To further study the 
Rab10 GEF DENND4B, I expressed GFP-tagged human DENND4B with mCh-Rab10 
and observed the same tubular cytosolic structures; however, when GFP-DENND4B 
and mCh-Rab10 were co-expressed with an ER luminal marker (BFP-Rab10), I did not 
see any co-localization between the ER and the DENND4B/Rab10 induced cytosolic 
tubules (Figure 4.3).  To attempt to identify these unknown cytosolic tubules, I 
expressed DENND4B and Rab10 with markers for Golgi, mitochondria and early 
endosomes (Figure 4.3).  None of these organelle markers co-localized with the 
DENND4B/Rab10 induced cytosolic tubules.  It is currently unclear how to define these 
cytosolic tubules; however, it is possible that an overexpression of both DENND4B and 
Rab10 results in a large increase in membrane fusion, but because the other necessary 
Rab10-mediated ER assembly machinery (GAP, effectors, SNAREs and tethers) are 
not concomitantly increased, there is no increase in ER membranes or fusion.   
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Therefore, the DENND4B/Rab10 cytosolic tubules are a result of the generated 
membranes needing to localize to some structure.  It would be interesting to look at 
these structures by high-resolution electron microscopy to determine the composition of 
these tubules and to further define this structure.  
In addition to the identification of DENND4B as a Rab10 GEF, past work has 
identified potential Rab10 specific GAP, GDF and SNARE.  As previously mentioned, 
AS160 was identified as a Rab10 GAP involved in GLUT4 trafficking to the plasma 
membrane (Sano et al., 2007).  AS160 has a well-established role as a GAP for Rab2A, 
Rab8A, Rab10 and Rab14.  Additionally, recent work by Wang, et al. has established 
the neuronal targeting protein Lgl1 as a GDF for Rab10 (Wang et al., 2011).  In vitro 
assays demonstrate that Lgl1 preferentially binds to GDP-bound Rab10 and promotes 
membrane attachment by specifically releasing Rab10 from Rab GDI (Wang et al., 
2011).  Although not know to interact with Rab10, a Rab-interacting SNARE protein, 
yeast Ufe1, has previously been implicated in ER assembly (Anwar et al., 2012; Patel et 
al., 1998).  It is currently unknown if any of these discussed proteins aid Rab10-
mediated ER morphology and dynamics.   
Characterization of the Rab10 Dynamic Domain 
From the experiments discussed in Chapter 2 and 3, it is clear that Rab10 
regulates ER dynamics and morphology at the leading edge of ER growth; therefore, it 
will be important to further characterize what is occurring in the Rab10 dynamic domain 
localized at the tips of growing ER.  Previous work has determined that this domain is 
ER derived and localized to the dynamic tips of the ER (Kim et al., 2011); my work has 
shown that Rab10 mediates the formation and proper function of this domain.  Turning 
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once again to the idea that Rabs can generate organelle subdomains responsible for 
fusion reactions, the Rab10 dynamic domain could be the site of multiple processes 
including lipid synthesis and tethering the ER to the MT.  Characterizing the Rab10 
dynamic domain, including the components and functions of this domain will be 
important to further understand Rab10 and ER dynamics. 
This Rab10 dynamic domain suggests the intriguing possibility that this domain is 
the sight of lipid synthesis and provides the necessary membranes for ER growth and 
fusion.  Currently, it is unclear if lipid synthesis is occurring in this domain; however, 
both PIS and CEPT1 are known to facilitate the formation of PI, PE and PC lipids, and 
have been localized to the dynamic Rab10 domain that marks the site of future ER 
growth.  In support of lipid synthesis taking place in this dynamic domain, an in vitro 
membrane assay made by fractionating Cos-7 cells showed catalytically active PIS in 
the PIS dynamic domains; additionally, expression of catalytically inactive mutant PIS 
did not localize to the mobile, dynamic puncta (Kim et al., 2011).  Although somewhat 
worrisome, data from Kim et al. remarked on the surprising absence of CDP-
diacylglycerol synthase (CDS) in the dynamic PIS compartment; CDS is required to 
produce diacylglycerol, an essential substrate for PI synthesis.  From the work 
performed by Kim et al., it is unclear if diacylglycerol is present in this compartment (Kim 
et al., 2011).  It is possible that a different protein regulates the transport of 
diacylglycerol into this compartment, or a minor pool of CDS is present in the PIS 
compartments, but below the level of detection by fluorescent microscopy.  One way to 
approach the question of lipid synthesis occurring in the Rab10/PIS domains is to 
reduce global lipid levels of PI through the addition of inostamycin; inostamycin directly 
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inhibits PIS activity, leading to decreased intracellular PI levels (Deguchi et al., 1996).  
We can use inostamycin to decrease the cellular levels of PI, without decreasing the 
expression levels of PIS.  If the formation and dynamics of the Rab10/PIS dynamic 
puncta are inhibited or reduced by inostamycin addition, we would then conclude that PI 
synthesis is taking place in these domains.  Although unlikely, if the Rab10/PIS domain 
retains its ability to facilitate ER dynamics and fusion, we would suggest that lipid 
synthesis is not occurring in this domain and the lipid synthesizing proteins PIS and 
CEPT1 may be present for an unknown function.  
As mentioned previously in Chapter 1, ER sliding on MTs is facilitated by an 
unknown ER protein that interacts with kinesin-1 and dynein MT motors (Wozniak et al., 
2009); it is possible that Rab10 directly interacts with one or both of these MT motors to 
facilitate ER sliding.  Numerous studies have identified direct binding between Rab 
proteins and both microtubule and actin motors (Hammer and Wu, 2002).  For example, 
Rabkinesin-6, a kinesin-like motor protein, was shown by yeast two-hybrid and co-
immunoprecipitation assays to interact directly with Rab6, the Rab protein responsible 
for intra-Golgi transport and retrograde trafficking to the ER from the Golgi (Echard et 
al., 1998).  It will be interesting to determine if Rab10 interacts with the kinesin-1 and/or 
dynein MT motors regulating ER sliding.  
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